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E.4.2 Shaw Air Force Base, Sumter, South Carolina 
Biochlor simulations were completed for the Fire Training Area 1 (FTA-1) of the 

Operational Unit 4 (OU-4) at the Shaw Air Force Base (AFB) site in Sumter, South Carolina.  
Analytical model predictions were used to simulate the fate of dissolved chlorinated ethenes 
and ethanes, specifically 1,1,1-trichloroethane (TCA) at the site. 

Analytical modeling conceptualized the site as a one layer, one-reaction zone model.  
Model results were compared to numerical results previously derived from fate and transport 
modeling conducted with MODFLOW (McDonald and Harbaugh, 1988) and MT3D (Zheng, 
1990) by Parsons Engineering Science, Inc. (Parsons, 1999b).  Numerical modeling scenarios 
of source decay indicated the potential for the 1,1,1-TCA plume to decrease to below 1 mg/L, 
within a time period of 98 years.  Numerical modeling results assumed a reductive 
dechlorination rate of 2.01 yr-1 for the total chlorinated aliphatic hydrocarbons (CAHs).  

Site Description. The entire Shaw AFB, located approximately 7 miles west of the City of 
Sumter, encompasses approximately 3570 acres surrounded by mostly rural and agricultural 
land (IT Corp, 2003).  Since 1941, the Shaw AFB has acted as tactical air support and an 
international repair depot for engines, weapons and aircraft utilizing a combination of 
petroleum-based fuels, oils, lubricants, solvents, and other coatings (Parsons, 1999b).  Fire 
training exercises were conducted at FTA-1 between 1941 and 1969 (Parsons, 1999b).  
Exercises at the site reportedly involved the use of jet fuel, waste oils, hydraulic fluids, 
solvents, contaminated mixed fuels, and napalm (Parsons, 1999b).   

OU-4, located in the northeast area of the site, is approximately 14 acres in size and 
contains the former fire training area, which borders Long Branch Creek on the east side 
(Parsons, 1999b).  Long Branch creek serves as a drainage area for the east-northeast AFB 
property line (Parsons, 1999b).   

Initial site investigations were undertaken in 1983, and Phase I and II site activities were 
completed in 1997.  Contaminants identified in the groundwater at the site during subsurface 
investigations consisted of fuel hydrocarbons and chlorinated solvents (ethenes and ethanes).   

Geology/Hydrogeology. The Shaw AFB is reportedly underlain by Cretaceous bedrock to 
Quaternary alluvium.  These recent deposits consist of fine to coarse-grained sands, 
interlayed by clays with bounding clays below at 90 ft bgs.   

The local topography of the OU-4 area at the Shaw AFB is generally flat, with steeper 
slopes associated with Long Branch Creek.  The elevation range across the OU-4 area is 
between 198 ft above mean sea level (amsl) to 216 ft (Parsons, 1999b).   

The regional aquifer beneath the AFB is underlain by three aquifers: the Middendorf, the 
Black Creek, and the Shallow Aquifer system (Parsons, 1999b).  Long Branch Creek is fed 
by groundwater in the area (Parsons, 1999b).  Proximate to the area of OU-4, Long Branch 
Creek is 8 to 10 ft wide, 2 to 4 ft deep, with a flow rate of 1,000 gpm (Parsons. 1999b).   

Depth to water values across the area are between the near surface at Long Branch Creek 
to 20 ft below ground surface (bgs).  Groundwater elevation data for wells screened in the 
shallow zone (6 to 35 ft bgs) were reported from 1997 and 2002 (Parsons, 1999b and IT, 
2003).  Both data sets indicated a maximum vertical difference of 9.17 ft in water levels 
across the site.   

The horizontal hydraulic gradient across the shallow aquifer at the site in 1997 ranged 
between 0.0048 and 0.011 ft/ft (average of 0.007 ft/ft), toward the east-northeast.  
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Contaminant transport is generally toward the east, with lobes toward the southeast and 
northeast.  

Transmissivities were calculated in 1995 from a pump test conducted at TW-101 to yield 
results for wells TW-101, PZ-101, PZ-102, PZ-103, MW-115, and MW-117.  Rising and 
falling head slug tests were also performed at MW-106 and MW-112 for the determination of 
hydraulic conductivities.   

Using an average horizontal gradient of 0.007 ft/ft, an average hydraulic conductivity 
value of 17.6 ft/d (0.00621 cm/s), and an estimated effective porosity of 25%, the horizontal 
groundwater flow velocity is calculated to be approximately 180 ft/yr.   

Contaminant Plume Assessment. The source of contaminants at the site is thought to be 
the fuel and materials utilized during training exercises in an unlined pit and potentially from 
the extinguishing agents themselves.  Dumping of site materials in and around FTA-1 could 
account for a variety of the additional chemicals identified.   

Detections of chlorinated solvents above applicable maximum contaminant levels (MCL) 
included 1,1,1-TCA, 1,1-DCA, 1,1-DCE, and VC.  LNAPL or light non-aqueoues phase 
liquid accumulations were measured in wells MPB and MPC (Parsons, 1999b) indicating two 
separate source areas; one proximate to the former burn pit and one near a suspected drum 
storage area.  

Bulk densities were estimated to be 1.72 kg/L assuming an aquifer grain density of 2.65 
g/cc and a volumetric porosity of 35% (Parsons, 1999b).  Soil testing provided an estimate of 
the fraction of organic carbon (foc) of 0.00024.  The retardation factor for 1,1,1-TCA is 
expected to be 1.21, based on the chemical characteristics of the compound and the site 
organic carbon content (Parsons, 1999b). 

Remediation Activities. Between 1993 and 1994, a remedial SVE pilot test, laboratory 
bench-scale test, and a bioventing pilot system were conducted at the site for evaluation of 
fuel hydrocarbon remediation.  The bioventing system remained operational for at least five 
years.  In 1996, a chemical oxidation and air stripping pilot test was also conducted.  Current 
remedial activities at the site have consisted of the installations of a permeable reactive 
barrier wall in November of 1998.  The barrier is composed of an iron filings trench. 

Biochlor Model Development. Transport of contaminants in the shallow zone is 
considered as one layer.  All model simulations were completed using the assumption that 
the fate and transport of the contaminants were under natural gradient conditions. Tables 5a 
and 5b lists the stochastic model variable distributions used as well as the discrete values 
used in model calibration.  Modeling goals were to reduce 1,1,1-TCA and DCA to below 1.0 
and 1.3 mg/L, respectively.  Therefore, TCA and DCA concentrations were used for 
calibration and verification data.  Verification data were limited due to the limited number of 
sampled wells. 

The average horizontal shallow groundwater gradient of 0.007 ft/ft was utilized in the 
analytical modeling.  The effective porosity of the unconsolidated sand material was 
estimated to be 25% (Domenico and Schwartz, 1990).  A conductivity value of 17.6 ft/d 
(0.00621 cm/sec) was used (It is noted that the numerical model referred to earlier resulted in 
calibrated horizontal hydraulic conductivity values ranging between 18 and 81 ft/d (0.00621 
and 0.03 cm/s)).     

Based on the observed extent of the 5 ppb contour of DCA plume during 1997 (the 
furthest extent of contamination exceeding the appropriate MCL), the plume length was 
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estimated to be 900 feet.  Utilizing the modified Xu and Eckstein (1995) equation 
[αx=0.82*3.28* (log (plume length/3.28))2.446], a longitudinal dispersivity of 23.8 ft was 
calculated.  The ratios of transverse/longitudinal and vertical/longitudinal dispersivity were 
assumed to be 0.01 and 0.001, respectively. 

The source of contaminants at the site as mentioned previously was thought to be 
predominately TCA.  A first-order biodegradation rate for the chlorinated ethanes of 0.9 yr-1 
was calibrated during the numerical modeling in the near source and plume core area 
(Parsons, 1999b).   

In this modeling study, the concentration profiles along the plume centerline were plotted 
for TCA, DCA, PCE, TCE, DCE, and VC concentrations in 1997 (Figure 14).  First-order 
biological decay rate constants were calculated by utilizing the Buscheck and Alcantar 
(1995) method (Table 4a), based on a seepage velocity of 180 ft/yr.  Based on the higher 
velocities expected at the site, the biotransformation rates initially assumed for TCA and 
DCA for the one-reaction zone Biochlor model were 3.388 and 0.357 yr-1, respectively.  
These values were adjusted by trial and error during the calibration process.  

Plume centerline concentration data from 1997 and 2002 were used in the calibration and 
validation process (Tables 3a and 3b). 

Source concentrations indicated an overall decreasing trend in the data (Figures 15 a and 
b).  An overall source decay rate of 4 x 10-4 yr-1 was calculated for TCA when comparing 
recent field data to an initial source concentration of 950 mg/L (TCA water solubility) 
assuming a starting year of 1941. Based on the source concentrations observed from the field 
data alone, however, an initial TCA source decay rate of 0.0086 yr-1 was calculated (Table 
4b).  

Biochlor Model Calibration and Validation. The starting date used for the simulation 
was 1941.  A 56-year time period was used for calibrating the model and a 61-year time 
period was utilized for model verification.  However, the limited data set in 2002 (Table 3b) 
prohibited model verification.  The size of the modeled area was 1,440 ft in width and 1,600 
ft in length.   

A continuous source was initially modeled at the site, and the simulation was first run 
assuming no biodegradation was occurring.  The model over predicted TCA concentrations, 
indicating the need to simulate the two processes (source decay and biodegradation).  First 
order decay rate constants were then assumed and fitting the TCA biodegradation rate 
constant and the source zone concentration data allowed the model to be calibrated.  
Continued model calibration was achieved by altering the DCA decay rate coefficients.  CA 
was not calibrated since no data for the constituent were reported for the selected wells.  

Based on the overall concentration trends, the site data were modeled using a decaying 
source and an overall source decay rate constant of 0.065 yr-1 was used.  

Uncertainty Analysis. The range of values utilized for each parameter in the Monte Carlo 
analysis is shown in Table 5b. A total of 2500 simulations were completed using these 
distributions. Concentration forecasts were obtained for TCA and DCA with biodegradation, 
as well as the simulations assuming no biodegradation, at six locations along the centerline, 
downgradient of the source (0, 160, 320, 480, 640, and 800 ft). Figures 16a and 16b illustrate 
the results from the analysis for TCA and DCA. The data in both figures demonstrate that the 
deterministic model run at 56 years had higher predicted centerline concentrations than the 



E-11 
Appendix E - SERDP Report.doc 

25th and 75th percentile concentration profiles. Again, this is due to the use of a range of 
biodegradation rate constants in the stochastic model.  

The deterministic BIOCHLOR modeling indicated that 106 years would be required for 
concentrations of TCA and DCA to decrease to less than 1 and 1.3 ppm, respectively, across 
the entire site.  The stochastic model predictions at 106 yrs (Figures 17a and 17b) indicate 
that the modeled concentration range near the source is much lower than the MCL suggesting 
a shorter cleanup time. Similarly, the modeled concentrations at 320 ft downgradient of the 
source are also lower than the MCL.  
E.4.3 Tinker Air Force Base, Oklahoma City, Oklahoma,  

Biochlor simulation runs were completed with the data provided for the Fire Training 
Area 2 (FTA-2) at the Tinker Air Force Base (AFB) site in Oklahoma City, Oklahoma.  
Analytical model predictions were used to simulate the fate of dissolved tetrachloroethylene 
(PCE), trichloroethylene (TCE), cis-dichoroethylene (cis-DCE), vinyl chloride (VC), and 
ethene (ETH) at the site.  

Analytical modeling conceptualized the site using a one layer, one-reaction zone model.  
Model results were compared to numerical results previously derived from fate and transport 
modeling conducted with MODFLOW (McDonald and Harbaugh, 1988) and MT3D (Zheng, 
1990) by Parsons, engineering Science, Inc. (1999c).  Numerical modeling included three 
scenarios of source decay and source removal, and indicated the potential for the TCE plume 
to migrate 1000 ft beyond the 1997 location, within a time period of 35 years.  The numerical 
modeling results also indicated that TCE concentrations would attenuate to below the MCL 
within 100 years (Parsons, 1999c).  

Site Description. The entire Tinker Air Force Base encompasses approximately 5,000 
acres in the southern area of Oklahoma City.  Since 1941, the Tinker AFB has acted as a 
domestic air depot and an international repair depot for engines, weapons and aircraft 
(Parsons, 1999c).   

The fire training and exercise area 2 (FTA-2) was an unlined pit area located in the south-
central portion of the AFB, south of the main northwest/southeast runway at the Base.  Fire 
training exercises commenced in 1962 and utilized jet fuel sprayed on top of water in the pit.  
Dumping of site waste materials such as solvents, fuels and other liquids was also thought to 
have occurred in and around FTA-2.   

Initial Phase I activities completed in 1981 indicated the potential for contamination in the 
area of FTA-2.  Subsurface soil investigations commenced in 1987, with monitoring well 
installation first occurring in 1993 and 1995.  Contaminants identified in the groundwater at 
the site during subsurface investigations in 1997 consisted of low concentrations of fuel 
hydrocarbons and chlorinated solvents.  Surface water and soil borings were also completed 
as part of the investigations in 1997.  A total of 30 monitoring wells and piezometers were 
installed for assessment of the subsurface at FTA-2, with 26 locations utilized for assessment 
activities.  No remedial activities have been completed at the site (Parsons, 1999c).  

Geology/Hydrogeology. The local topography of the Tinker AFB is generally flat, with a 
total elevation difference across the site of 130 ft.  Within the area of FTA-2, the relief 
changes are minimal, approximately 10 ft downward toward the southwest (Parsons, 1999c).  
Surface drainage is locally toward the southeast, to an arm of Chutcho Creek.   

The Tinker AFB is underlain by the Hennessay Group, comprised of silty clay and clayey 
silt.  The Garber Sandstone underlies the units and comprises fine-grained sands with silt and 
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clay lenses.  The saturated material at the site consists of an upper saturated zone (USZ) 
overlying a lower saturated zone (LSZ), separated by a regional clay-silt aquitard.  These 
units are considered to be within the upper third of the Garber-Wellington aquifer at depths 
less than 200 ft bgs (Parsons, 1999c).  The USZ can be further discretized into two units, an 
upper and lower sand interval. 

Groundwater elevation data for wells screened in the USZ (10 to 50 ft bgs) and the LSZ 
(53 to 82 ft bgs) were reported from 1997 and 1999 (Parsons, 1999c).  Both data sets 
indicated a maximum vertical difference of 5.89 ft across the site.   

The horizontal hydraulic gradient across the USZ at the site in 1997 ranged between 0.003 
to 0.01 ft/ft, toward the west-southwest. Slug tests were performed at a total of seven wells 
screened in the USZ.  Calculated horizontal hydraulic conductivities ranged between 6.5 and 
28 ft/d for the upper sand and 0.9 to 44 ft/d for the lower sand USZ unit.   

Using an average horizontal gradient of 0.006 ft/ft, an average hydraulic conductivity 
value of 15 ft/d (0.00529 cm/s), and an estimated effective porosity of 20%, the horizontal 
groundwater flow velocity is calculated to be approximately 164 ft/yr in the USZ.   

Contaminant Plume Assessment. The source of contamination at the site was thought to 
be from the fuel utilized during training exercises and potentially from the extinguishing 
agents themselves.  Dumping of site materials in and around FTA-2 could account for a 
variety of the additional chemicals identified.   

Detections of chlorinated solvents above applicable maximum contaminant levels (MCL) 
included benzene, PCE, TCE, cis-DCE, 1,1-DCE, VC, 1,2-DCA, CB, 1,2-DCB, and 1,4-
DCB in the USZ and TCE in the LSZ.  Contaminants identified in the groundwater at the site 
during subsurface investigations consist of low concentrations of fuel hydrocarbons (less 
than 7 ppb) in the USZ and chlorinated solvents (maximum of 9,440 ppb TCE and 1,200 ppb 
cis-DCE from an USZ upper sand well located 75 ft upgradient of FTA-2).  No direct 
evidence of a residual non-aqueous phase liquid was found during site assessment work 
(Parsons, 1999c).  

Groundwater that exceeded the appropriate criteria for PCE (5 ppb) was collected from 
locations 100 to 200 ft upgradient (east and north) of FTA-2, in the USZ.  TCE 
concentrations exceeding the 5 ppb MCL were collected at 11 USZ locations and 1 LSZ 
location across the area in 1997.  Cis-DCE concentrations above the applicable MCL (70 
ppb) were measured in locations coincident with the TCE occurrences in the USZ.  Higher 
concentrations were also measured in downgradient locations in the lower sand of the USZ, 
indicating the potential for contamination by downward vertical migration (Parsons, 1999c).  
Low trans to cis-DCE ratios indicated that the source of the DCE was probably due to 
reductive dechlorination from TCE.  One sample for 1,1-DCE, VC, Chlorobenzene, and 1,2-
DCB exceeded the 7 ppb, 2 ppb, 100 ppb and 600 ppb MCL, respectively in the USZ.  
Additionally, groundwater samples with concentrations exceeding the MCL of 5 ppb for 1,2-
DCA were identified at two USZ locations.   

Bulk densities were estimated to be 1.65 kg/L (Parsons, 1999c), with effective porosities 
assumed at 20% for the numerical modeling (Parsons, 1999c). Soil testing indicated total 
organic carbon (TOC) values between 63.2% and 96.9%, with an organic carbon fraction 
average of 0.00813 within the USZ.   

Biochlor Model Development. Transport of contaminants in the USZ was considered as 
one layer.  All model simulations were completed under the assumption that the fate and 
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transport of the contaminants were under natural gradient conditions. Tables 5a and 5b 
present the deterministic and Monte Carlo model input.  PCE, TCE, cis-DCE, and VC 
concentrations were used for calibration and verification (Tables 3a and 3b).   

The higher concentrations of chlorinated solvents measured at the site were measured in 
the shallow zone.  Thus, the average horizontal shallow groundwater gradient of 0.006 ft/ft 
was utilized in the analytical modeling.  The effective porosity of the unconsolidated sand 
material was assumed to be 25% (Domenico and Schwartz, 1990).  A conductivity value of 
15 ft/d (0.00529 cm/sec) was used in the analytical model.   

Based on the observed extent of the 5 ppb contour of TCE plume during 1997, the plume 
length was estimated to be 1,600 feet.  Utilizing the modified Xu and Eckstein (1995) 
equation [αx=0.82*3.28* (log (plume length/3.28))2.446], a longitudinal dispersivity of 30.2 ft 
was calculated.  The ratios of transverse/longitudinal and vertical/longitudinal dispersivity 
were assumed to be 0.01 and 0.001, respectively (ASTM, 1995). A retardation factor of 1.9 
was used.  

The source of contaminants at the site was assumed to be predominately TCE (even 
though select locations measured low PCE concentrations of < 6 ppb). First-order biological 
decay rates for TCE of 0.1241 yr-1 were calibrated during the numerical modeling in the near 
source and plume core area (Parsons, 1999c).  Decay rates calibrated in the numerical 
modeling for all three layers across the site ranged between 0.01095 and 0.1241 yr-1.   

The concentration profiles along the plume centerline were plotted for PCE, TCE, DCE, 
and VC concentrations in 1997 and 1999 (Figures 18 and 19).  First-order biological decay 
rate constants were calculated by utilizing the Buscheck and Alcantar (1995) method (Table 
4a), based on a seepage velocity of 131.4 ft/yr.  Based on the higher velocities expected at the 
site, the biotransformation rates initially assumed for TCE and DCE for the one-reaction zone 
Biochlor model were 0.430 and 0.414 yr-1, respectively.  These values were adjusted by trial 
and error during the calibration process.   

Source concentrations indicate an overall decreasing trend in the data (Figure 20).  An 
overall source decay rate of 0.146 yr-1 was calculated for TCE when comparing recent field 
data to an assumed initial source concentration of 1,100 mg/L (TCE water solubility) 
assuming the leak occurred 1962. Based on the decay observed from the field data shown in 
Figure 20, however, an initial TCE source decay rate of 0.04 yr-1 was estimated (Table 4b).   

As previously discussed, the purpose of the BIOCHLOR modeling was to simulate the 
transport of contaminants at the site to predict the applicability of natural attenuation for the 
site.  Model goals (similar to the numerical modeling conducted by Parsons in 1999, see 
Parsons 1999c) included evaluating the dissolved TCE plume and to predict the future extent 
and concentrations of TCE. 

A start date of 1962 was assumed for the analytical modeling.  A 35-year time period was 
used for calibrating the model and a 37-year time period was used for model verification. The 
size of the modeled area was 500 ft in width and 1,600 ft in length.   

Biochlor Model Calibration and Validation. The model was first run assuming no 
biodegradation, with a time period of 35 years.  The model over predicted TCE 
concentrations as would be expected.  First order biological decay coefficients were then 
assumed (Table 4a) and fitting the TCE biodegradation rate constant and the source zone 
concentration data calibrated the model.  Continued model calibration was achieved by 
sequentially altering the DCE and VC decay rate coefficients.  
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To predict plume stability as defined by the TCE 5 ppb concentrations, the model was run 
for 91 years from the initial date of contamination (1962).  The decaying source scenario 
indicated that site TCE concentrations would decrease to below 5 ppb after a period of 91 
years.  Numerical modeling indicated, when assuming a 2% annual source decrease, that the 
plume would continue to migrate an additional 1,000 ft beyond its current location with 
concentrations greater than MCL for at least 35 years.  Numerical modeling did not 
extrapolate beyond this time period so it was not possible to compare the 91 yr results to the 
numerical model.  As with the other sites, all concentration profiles over-predict 
concentrations, when no biodegradation and/or source decay are assumed.  

Uncertainty Analysis. A total of 2500 simulations were completed using the probability 
distributions provided for the select input parameters shown in Table 5b.  Concentration 
forecasts were obtained for TCE, DCE, VC, and ETH with biological decay, as well as the 
simulations assuming no biodegradation (TCE no decay) at six locations along the centerline. 
All six locations were downgradient of the source at distances of 0, 160, 320, 480, 640, and 
800 ft away from the source.  Only one data point was available for PCE therefore, no 
uncertainty predictions were associated with PCE.   

The results from the uncertainty analysis are shown in Figures 21 and 22. For the Tinker 
site, the deterministic model results were located within the 75th and the maximum Monte 
Carlo predicted concentrations. Additionally, the deterministic Biochlor modeling indicated 
that 91 years would be required for concentrations of TCE and DCE to decrease to below 5 
and 70 ppb, respectively, across the entire site.  Stochastic Modeling results, however, 
indicated that the median concentrations between 50 and 70 yrs after the release would 
attenuate to below the MCL for TCE at the source (Figure 23). 
E.4.4 F.E. Warren Air Force Base, Cheyenne, Wyoming 

Biochlor simulations were completed with the data provided from Landfill Area 3 at the 
F.E. Warren Air Force Base (AFB) site using a one-reaction zone, one-layer model.  
Analytical model predictions were used to simulate the fate of dissolved trichloroethylene 
(TCE), cis-dichoroethylene (cis-DCE), vinyl chloride (VC), and ethene (ETH) at the site.  

Model results were compared to numerical results derived from a supplemental monitored 
natural attenuation groundwater modeling study using MODFLOW and MT3D, completed 
by URS Corporation (URS, 2002 and 2003).  The numerical modeling indicated that 
approximately 50 years (92 years from emplacement) would be required for TCE 
concentrations to be reduced below 5 ppb across the site.   

Site Description. The entire Warren AFB encompasses approximately 5,900 acres in the 
western portion of the City of Cheyenne, Wyoming.  The Warren AFB (Base) is bordered by 
agricultural, residential, commercial, and rural areas and has operated as a military 
installation since the late 1800s.  The study area in question at the AFB comprises LF-03, an 
area approximately 5 acres in size (URS, 2003).   

The landfill is located in the southeast portion of the base, between military housing and 
civilian housing in the City of Cheyenne.  Two additional landfills (LF-2C and LF-4A) are 
located directly north-northeast of LF-03.  LF-03 operated from the mid 1950’s through to 
the late 1960’s (USAF, 2001).  All Base refuse was disposed at LF-03 during its operation, 
with the landfill historically receiving domestic solid waste, waste oils and solvents, battery 
acid and other waste types.  Data collected during previous investigations also suggested that 
refuse burning occurred at LF-03 (Parsons, 1999d).   
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Preliminary investigations of the areas adjacent to the landfill were conducted in the mid 
1980s, when the landfill was identified as a potential source to human health problems.  In 
1987, initial groundwater sampling in the area of LF-03 occurred with the installation of 
three wells.  Three additional wells were installed in 1988.  In February of 1990, the AFB 
was placed on the EPA’s National Priorities List (NPL) thus bringing the site under the 
guidelines of the Comprehensive Environmental Response, Compensation, and Liability Act 
(CERCLA).  A 1991 report indicated that LF-03 was the source of the dissolved TCE plume 
and the other chlorinated solvents and contaminants found in both soil and groundwater in 
the area.   

Point sources from spills, subsequent leaching through refuse material and soil, and 
dissolution from NAPL sources are thought to have produced the chlorinated solvent plumes 
at the site.  A full-scale groundwater investigation occurred during 1993/94 with the 
installation of a total of 49 temporary and 26 permanent groundwater wells (Parsons, 1999d).  
Assessment of the potential for vertical migration of the plume was addressed in 1995 with 
the installation of nested wells.  During these investigations, PCE and TCE were also 
detected in groundwater off-site to the southeast, underlying the civilian residential area of 
Nob Hill.  Seven additional assessment wells were completed in both the shallow and deeper 
saturated zones in 1999.  

In summary, a total of 70 monitoring wells were sampled for chlorinated solvent 
constituents between 1987 and 2002.  Concurrent to and following the removal of the source 
area, a total of 24 wells were sampled for both TCE and cis-DCE during 2000, with an 
additional 5 wells resampled in 2002.   

Geology/Hydrogeology. The local topography of the area slopes toward the east-
northeast.  The Base is reportedly underlain by Quaternary deposits (between 5 to 20 ft) and 
by the Tertiary-age Ogallala Formation.  The Quaternary deposits beneath the area of LF-03 
consist of fine-grained material, mainly clay and silt, overlying the interbedded sand, gravel, 
and cobbles of the fluvial Ogallala formation.  The Ogallala is comprised of a heterogeneous 
sequence of coarse-grained sand and gravel in the lower portion grading upward into fine 
clay, silt, and sand (NPGD, 2004).   

The effective porosity of the unconsolidated material was estimated to be 30% (Domenico 
and Schwartz, 1990).  Soil testing in 1999 indicated an organic carbon fraction that ranged 
between 0.00018 and 0.00038 within the fine sand to silt material, with an estimated bulk 
density of 1.65 kg/L.   

Groundwater elevations across the site varied from 6080 ft above mean sea level (amsl) in 
the northeast, to 6137 ft amsl in the southeast.  Depth to water across the site ranges between 
1.6 ft bgs to 40 ft bgs.  On-site investigations did not identify any confining units within the 
Ogallala Formation at the site.  Groundwater elevations were available from select wells for 
the 1993 and 1999 data sets. Hydraulic gradients varied between an average of 0.01 ft/ft 
upgradient of the source area to an average value of 0.046 ft/ft observed in the area 
proximate to the source (URS, 2003).  The average horizontal hydraulic gradient across the 
plume area at the site is 0.026 ft/ft, with flow in a northeasterly direction.  Based on the 1993 
and 1999 data sets, the maximum groundwater elevation fluctuation was found to be 
approximately 4.6 ft.   

Vertical gradient testing (Parsons, 1999d and URS, 2003) at nested wells from four 
separate locations in the area of the landfill indicated that there was a local recharge area 
proximate to the landfill, with the primary discharge area located at Crow Creek, located 
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approximately 2000 ft east-northeast and downgradient of the source area at LF-03.  Vertical 
gradients ranged between 0.029 and 0.214 ft/ft, indicating that vertical contaminant transport 
plays a role at the site.   

In 1995, a total of 19 slug tests were performed from a total of seven wells screened 
across intervals between 22 and 50 ft bgs, with multiple tests conducted at select wells.  Four 
of the wells were screened across depths greater than 40 ft.  An average hydraulic 
conductivity value was calculated at each well location where several tests were conducted.  
Average hydraulic conductivity values from individual wells range between 0.03 ft/d, at an 
average depth of 37 ft bgs from locations southeast of the landfill to 4.46 ft/d at an average 
depth of 34 ft bgs from a location proximate to the source area of the plume. A geometric 
mean for the hydraulic conductivity of 0.19 ft/d was calculated from all locations.   

During September to November in 2001, two 48-hour pump tests were conducted in two 
newly installed test wells to serve as a pilot test for a full-scale groundwater extraction 
system.  To further define the uncertainties resulting from the pump tests, an additional 11 
short-term pump tests were completed during April and May 2002 (URS, 2003).  Proximate 
to the source area, the hydraulic conductivity was calculated to be equal or greater than 20 
ft/d (as high as 92 ft/d at MW-208), while in locations downgradient of the source, the 
conductivities generally decreased to 1 ft/d or less (URS, 2003). 

Based on the heterogeneous nature of the permeability across the site, 3 vertical zones 
were initially identified (URS, 2002).  Later studies, however, partitioned the subsurface into 
two vertical zones (URS, 2003).  The upper shallow permeable zone consists of a saturated 
silty sand, found from the surface to a depth of 15 ft bgs in the area proximate to the source.  
The intermediate/deep zone consists of silty sand interbedded with lenses of sandstone and 
claystone underlain by sandstone, found between depths of 25 to 50 ft bgs in the area 
downgradient of the source (URS, 2003).  Based on the slope of the two zones, the plume 
was partitioned into a shallow permeable, high yield zone proximate to the source area at the 
site and into a second less permeable and steeper hydraulic gradient zone located 
downgradient of the source (URS, 2003).   

Although a horizontal seepage velocity of 3 ft/yr was previously determined, this value 
was considered low for the subsurface conditions present at the site.  The following 
hydrogeologic parameters were derived from the subsurface area proximate to the plume and 
source: a horizontal gradient of 0.012 ft/ft and a hydraulic conductivity value of 4.45 ft/d 
(0.00157 cm/s).  The conductivity value was obtained from testing completed at well PES-
1S, considered to be the well most representative of the plume's vertical and horizontal 
location.  Therefore, using an assumed porosity of 30%, an estimated value of 65 ft/yr was 
determined for the seepage velocity at the site.   

Remediation Activities. In March and April of 2000, the contents of LF-03 were 
excavated and transported to the waste co-location area of the Warren AFB (USAF, 2001).  
Approximately 120,000 yd3 of material was removed, to a maximum depth between 20 and 
25 ft below ground surface (bgs).  Approximately 50% of the material removed was soil, 
along with construction debris and domestic waste material.  Pump testing in 2001 indicated 
that a groundwater extraction system was not feasible since full-scale capture of the plume 
could not be achieved, in part due to the low permeability conditions at the site.   

Contaminant Plume Assessment. A total of 34 wells were analyzed for 
tetrachloroethylene (PCE), trichloroethylene (TCE), 1,1-dichloroethene (1,1-DCE), cis-1,2-
dichloroethylene (cis-DCE), trans-1,2-dichloroethylene (trans-DCE), and vinyl chloride 



E-17 
Appendix E - SERDP Report.doc 

(VC), as well as benzene, ethylbenzene, toluene, and xylenes (BTEX) components during 
1993 and 1999.  Additional analyses for methyl-tert-butyl ether (MTBE) were conducted in 
1999.  A total of 24 wells and 5 wells were sampled for TCE and cis-DCE in 2000 and 2002, 
respectively.  No evidence of non-aqueous phase liquid (NAPL) was reported during any of 
the site investigations.   

Detectable contaminants included PCE, TCE, the three isomers of DCE (mainly cis-
DCE), and vinyl chloride (VC).  The TCE plume, as defined by the 5 ppb contour has 
slightly decreased in extent between 1993 and 1999, while the plume size has generally 
remained the same or stable between 1999 and 2002.  Concentrations analyzed from the 2000 
and 2002 data were collected concurrent to and following the removal of the source area in 
March 2000. 

As of 2000, the total number of wells with groundwater contaminant concentrations 
greater than their respective criteria is 11 wells for TCE (5 ppb) and 1 well for cis-DCE (70 
ppb).  The limited 2002 data indicates there are still 4 wells with concentrations greater than 
5 ppb TCE. TCE concentrations from the source area increased (well 209), while wells 
proximate to the source (well 206) show a relative decrease over time. 

A maximum TCE concentration of 113 ppb was measured in a well southeast of the 
landfill in 1993, with groundwater from the same area recording the 2000 maximum of 78.2 
ppb from the intermediate/deep zone.  A maximum cis-DCE concentration of 129 ppb was 
also measured in the well southeast of the landfill in 1999, with concentrations decreasing to 
111 ppb in 2000.  The areal distribution of the 1993, 1999, and 2000 TCE and cis-DCE 
plumes are coincident with each other and are located directly south of the landfill, centered 
around well 207/208.  The longitudinal axis of each plume is parallel with the direction of 
groundwater flow.  The maximum 1993 VC concentration of 51 ppb was measured in a well 
directly downgradient of the landfill.  The 1993 VC plume was located in the landfill area, 
directly northwest of the TCE and cis-DCE plumes.  No VC concentrations above the 
detection limit were subsequently measured. 

Biochlor Model Devlopment. Transport of contaminants only from the area of the LF-03 
is considered.  All model simulations were completed using the assumption that the fate and 
transport of the contaminants were under natural gradient conditions. Tables 5a and 5b 
summarize the model variables and their distributions.  Both TCE and cis-DCE 
concentrations were used for calibration and verification data since both concentrations are 
still found at the site in values that exceed their respective criteria.  

The start date used for the emplacement of contaminants was 1960.  Since four 
concentration data sets were available, a 33-year time period was used for calibrating the 
model and a 42-year time period (post source removal) was used for model verification.  

Plume centerline concentrations over time are shown in Figure 24a and concentrations 
plots for selected wells over time are shown in Figures 24b and 24c. Although source well 
209 indicated an increased TCE concentration in 1999, a slope of overall decreasing trend for 
the source area over time (wells HP-18 and 207 between 1993 and 2002) was determined to 
be around 0.009 yr-1. Additionally, well 206 located near the source area showed a relative 
decrease over time of 0.73 yr-1. Biodegradation half-lives between 2.7 and 5.3 yrs were 
calculated for TCE using the Buscheck and Alcantar (1995) equation assuming a seepage 
velocity of 66 ft/yr, a retardation coefficient of 1.19, and slopes of 0.002 and 0.004/yr as 
shown in Figure 24a. 
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Based on the observed extent of the 5 ppb contour of TCE plume during 1993, the plume 
length was estimated to be 1800 feet.  Utilizing the modified Xu and Eckstein (1995) 
equation [αx=0.82*3.28* (log (plume length/3.28))2.446], a longitudinal dispersivity of 31.6 ft 
was calculated.  Based on ASTM (1995) standards, the ratios of transverse/longitudinal and 
vertical/longitudinal dispersivity were assumed to be 0.33 and 0.05, respectively. 

Using the estimated bulk density of 1.65 kg/L and a calculated average organic fraction of 
0.00027, retardation coefficients were calculated for TCE, DCE, and VC.  Linear equilibrium 
partitioning was assumed at the site, utilizing the default Koc values from Biochlor. The 
resulting retardation coefficient used in the model during calibration was 1.19.   

Biochlor Model Calibration and Validation. The simulation was first run assuming no 
biodegradation, with a time period of 33 years.  The model over predicted TCE 
concentrations, indicating the need to incorporate biodegradation.  First order biological 
decay coefficients were then assumed and the model was calibrated by fitting the TCE 
biodegradation rate constant and the source decay rate constant.  Continued model calibration 
was achieved by sequentially altering the DCE and VC decay rate coefficients.  Although the 
model predicted ethene concentrations, no ethene data was collected in 1993.   

To predict plume stability as defined by the 5 ppb contour, the model was run for 92 
(2052) years from the initial date of contamination (1960).  Model runs indicated that given a 
constant source, the plume would become stable after 2009.  The decaying source scenario 
indicated that site TCE concentrations would decrease to below 5 ppb after a period of 92 
years, comparable to the predictions from the numerically derived model. All profiles over-
predict concentrations, when no biodegradation is considered.  

Although the numerical model was calibrated with the 2000 data and verified with the 
2002 data, the analytical model was calibrated with the 1993 data and verified utilizing the 
2002 data.  The analytical modeling indicates that without active groundwater treatment, the 
TCE plume would not reach desired concentrations within a suitable time frame.  Results 
from both the analytical and numerical modeling also indicate that migration of TCE to Crow 
Creek (2000 ft downgradient) would not occur, above concentrations of 1 ppb.   

Predictions from both models to 2052 (92 years from emplacement) indicated that both 
analytically and numerically derived model concentrations would be below 5 ppb.  Only TCE 
decay coefficients were obtained for the numerical modeling.  The TCE decay coefficient 
obtained for the analytical decay model (0.173/yr) are below expected values (0.292 to 
1.825/yr), but are within the ranges obtained for the numerical modeling (0.04 to 0.495/yr) 
estimated for locations across the site.   

Uncertainty Analysis. A total of 2,500 simulations were completed for the probability 
distributions provided for the select input parameters.  Concentration forecasts were obtained 
for TCE, DCE, VC, and ETH with biological decay, as well as the simulations assuming no 
decay (TCE - no decay), at six locations along the centerline, downgradient of the source (0, 
250, 500, 750, 1000, and 1250 ft).   

Figures 25a, b, and c present the deterministic BIOCHLOR model results, as compared to 
the 25th, and 75th percentiles of the stochastic Monte Carlo simulations.  The deterministic 
run is based on a calibrated source decay rate and the stochastic BIOCHLOR simulations 
have a calculated source decay.  The TCE values (Figure 25a) for the deterministic 
simulations along the plume centerline fall outside the 75th percentile range given by the 
stochastic simulation. This is similar to an evaluation of the DCE simulations (Figure 25b). 
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Source TCE concentration distributions were plotted for the calibration year (33 years), 
the verification year (42 yrs), and additional years including the predictive simulation year 
(92 years) (Figure 26).  The deterministic predicted concentration value for the 33-year 
simulation lies above the maximum stochastic value, and fals between the 75th percentile and 
the maximum value for all other stochastic models. The 25th to 75th percentile range for the 
stochastic model is below the TCE MCL at the verification year. The overall range of the 
concentration distributions increased over time. Deterministic and stochastic model 
predications at a distance 1000 ft downgradient of the stouce (Figure 27) indicate that the 
deterministic results fall between the 75th percentile and the maximum value of the stochastic 
models. 
E.4.5 Ashumet Valley, Massachusetts Military Reservation, MA 

Site Description. The Ashumet Valley Axial (AVA) plume is located within the 
Massachusetts Military Reservation (MMR) on Cape Cod in eastern Massachusetts.  The 
Ashumet Valley extends south of the MMR, following Sandwich road between Ashumet 
Pond and Coonamessett Pond.  The primary constituents of concern in the valley are 
tetrachloroethylene (PCE), trichloroethylene (TCE), and cis-dichloroethylene (cis-DCE) 
emanating from the former firefighter training area (FTA-1) and the former sewage treatment 
plant (STP).  The fire fighting area, with an areal extent of 3 acres, was in operation between 
1958 and 1985, while the treatment plant, with an areal extent of 80 acres, operated between 
1936 and 1995.   

The STP commenced operations in 1936 and treated sanitary sewer wastewater (which 
reportedly contained solvent waste) utilizing both primary and secondary units, infiltration 
beds and sludge drying beds (CH2M Hill, 2003).  Dewatered sewage sludge or biosolids 
were spread across a wooded area and are thought to have been a source for solvent 
contamination (CH2M Hill, 2003). The FTA-1, located proximate to the southern boundary 
of the MMR, was host to between 6 and 16 training exercises a year (CH2M Hill, 2003).  
Fire training exercises were typically carried out in unlined pits and consisted of utilizing 
flammable liquids such as jet fuel, gasoline, diesel, waste oils, hydraulic fluids, solvents, and 
contaminated mixed fuels.  A concrete pad was utilized for the training activities, but not 
until 1983.  

Geology/Hydrogeology.  The AVA plume is located with the Mashpee Pitted plain area.  
The Mashpee area comprises coarse-grained, outwash, unconsolidated material with an 
underlying basal till and/or lacustrine unit.  No confining units are thought to be present and  
there is therefore no reported separation between the upper and lower aquifers.  

Three separate aquifers were identified: the shallow zone comprised wells screened 
between 51 ft and -26 ft above mean sea level (amsl), the middle zone comprised wells 
between -23 ft and -63 ft amsl, and the deeper zone contained wells within the -53 ft to -156 
ft amsl range.  Depth to water values across the area are approximately 70 ft below ground 
surface (bgs), with the water table range between 50 ft amsl near the source areas to 20 ft 
amsl in the downgradient plume area.  The surficial, unconfined groundwater unit has a total 
average thickness of 150 feet and is comprised of outwash (coarse-grained) materials.  

The hydraulic gradient across the shallow aquifer at the site ranged between 0.001 and 
0.002 ft/ft, with contaminant transport toward the south, south-west.  A bulk hydraulic 
conductivity of 100 to 350 ft/d was estimated in previous studies (JEG, 1999). 
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Using an average horizontal gradient of 0.0017 ft/ft, an average hydraulic conductivity 
value of 225 ft/d (0.079 cm/s), and an estimated effective porosity of 30%, the horizontal 
groundwater flow velocity is calculated to be approximately 465 ft/yr.   

Remediation Activities. Remediation at the site consisted of thermal soil treatment in the 
source area between 1995 and 2002 and in-situ groundwater extraction, treatment and 
infiltration commencing in November of 1999 to the present day.  Prior to system start-up, 
the plume dimensions were 22,000 ft long, 2,600 ft wide, and 150 ft thick (CH2M Hill, 
2003).   

Contaminant Plume Assessment. Detections of solvents at dissolved concentrations 
exceeding the MCL included PCE, TCE, and cis-DCE. The groundwater monitoring network 
consists of 46, 43, and 31 wells, screened across three zones: shallow, middle and deep, 
respectively.     

The concentration profiles along the plume centerline were plotted for PCE, TCE, and 
DCE in 1998, 1999, and 2003 (Figures 28a through c).  The first-order biodegradation rates 
were calculated from Buscheck and Alcantar (1995), based on a seepage velocity of 465 ft/yr 
and a retardation coefficient of 1.28.  The biodegradation rates (half-lives) calculated for 
PCE in 1999 and DCE in 1998 were 47.5 and 18.9 years, respectively (Table 4a).  Increasing 
slopes were observed for all other calculations.  Bulk attenuation rates of 0.015 and 0.036/yr 
were calculated for the PCE data from 1999 and the DCE data from 1998, respectively.   

Source concentrations over time indicated an overall decreasing trend and point 
attenuation rates were calculated for source well 30MW0426B (Figure 28d and Table 4b).  A 
source decay rate of 0.0006/yr was calculated for PCE assuming a hypothetical initial source 
concentration of 150 mg/L (PCE water solubility) in 1958, as compared to the value of 
0.003/yr calculated for data between 1998 and 2003 (Table 4b).  

Biochlor Model Development. The shallow zone was considered as one layer.  All model 
simulations were completed using the assumption that the fate and transport of the 
contaminants were under natural gradient conditions, that is, non-pumping conditions prior to 
start-up of the remediation system.  Tables 5a and 5b lists the parameters used in 
BIOCHLOR.  Modeling goals were to reduce PCE to below 0.005 mg/L.  Therefore, PCE 
and the associated daughter products in 1998 and 1999 were used for calibration and 
verification data (Tables 3a and 3b, respectively).  A start date of 1958 was used for the 
emplacement of contaminants.  A 40-year time period was used for calibrating the model and 
a 41-year time period was utilized for model verification.  

The average horizontal shallow groundwater gradient of 0.0017 ft/ft was utilized in the 
analytical modeling.  Analytical modeling parameters (porosity (30%), dispersivity, total 
organic carbon fraction (0.00038), and bulk density (1.68 kg/L)) were obtained from 
previous modeling studies (CH2M Hill, 2003).  The average value for hydraulic conductivity 
of 225 ft/d (0.079 cm/sec) was used.   

Based on the observed extent of the 5 ppb contour of PCE plume during 2003/2004 (the 
furthest extent of contamination exceeding the appropriate MCL), the plume length was 
estimated to be 14,000 feet.  Utilizing the modified Xu and Eckstein (1995) equation, a 
longitudinal dispersivity of 71 ft was calculated.  Based on the previous modeling studies 
(CH2M Hill, 2003), a transverse /longitudinal dispersivity ratio of 0.3 and a 
vertical/longitudinal dispersivity ratio of 0.03 were utilized. The size of the modeled area was 
2,500 ft in width and 15,000 ft in length.   
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Biochlor Model Calibration and Validation. Both the source decay and the biodegradation 
rates were calibrated by fitting the model predicted source and centerline concentrations, 
respectively to the observed field data.  Although PCE, TCE, and DCE were utilized as 
fitting parameters, field data above detection limits were limited for TCE and DCE.  VC and 
ETH were not calibrated since no data for the constituents were reported for the selected 
wells.   

To match the 1998 source data, an overall source decay value of 0.2/yr was calibrated to 
the model.  The 1998 calibrated PCE and TCE biodegradation first order biodegradation rates 
(0.27 and 0.98/yr) were within the ranges reported for the 25th and 75th percentiles for all 
reported anaerobic field rates from Suarez and Rifai (1999), although the VC value was 
below the 25th percentile.   

To predict plume stability as defined by the PCE 5 ppb concentrations, the model was run 
for 48 years from the initial date of contamination (1958).  The decaying source scenario 
indicated that site TCE concentrations would decrease to below 5 ppb shortly after a period 
of 48 years.   

Uncertainty Analysis. Select parameters were assigned probability distributions, based 
on the distribution types typically observed for the hydrogeologic and model input 
parameters (Tables 3a and 3b).  The simulation time was fixed for each Monte Carlo run.  
The range for the seepage velocity at the site was based on the variations observed in the data 
gathered for hydraulic gradient.  

A total of 2,500 simulations were completed for the probability distributions provided for 
the select input parameters.  Concentration forecasts were obtained for PCE, TCE, and DCE 
with decay, as well as the simulations assuming no decay (TCE no decay), at six locations 
along the centerline, downgradient of the source (0, 1,500, 3,000, 4,500, 6,000, and 7,500 ft).  
Figures 29a through c present the uncertainty associated with the simulations for PCE, TCE, 
and DCE , respectively. All three constituents show deterministic values equivalent to the 
maximum stochastic distribution. 

Concentration distributions were plotted for the calibration simulation (41 yrs), the 
verification simulation (42 yrs), and other yrs as shown in Figures 30a and b. The 
deterministic values for PCE at the source (Figure 30a) fall between the 75th percentile and 
the maximum stochastic distribution for all time periods. Further downgradient, however, 
deterministic values for PCE are higher than the maximum values for the stochastic 
distributions (Figure 30b). 
E.4.6 Wurtsmith Air Force Base, MI 

Site Description. The Wurtsmith AFB is located on the outskirts of Oscoda, Michigan, in 
northeast Michigan, west of Lake Huron and originally encompassed approximately 5,221 
acres (USAF, 2003a).  The Wurtsmith AFB operated between 1924 and 1993 and acted as an 
air support and maintenance facility utilizing a combination of petroleum-based fuels and 
solvents.  Landfills 30/31 comprise a total of 101 acres located in the northern portion of the 
facility (Figure 4.16).   

Landfill 30 operated between 1960 and 1973, receiving both domestic and industrial waste 
from base operations, in addition to solvent drums buried in trenches and underground tank 
trailers used for the disposal of fuels and solvents related to aircraft operations (USAF, 
2003b).  Additional reports indicate the direct disposal of waste TCE across the landfill area.  
The tank trailers were removed in the 1970’s and approximately 3 feet of fill was placed 
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across the area.  Landfill 31 operated between 1973 and 1979, receiving sanitary waste in the 
western portion of the landfill and construction debris in the remaining portions (USAF, 
2003b).  The local topography of the northern portion of the Wurtsmith AFB is generally flat, 
with a gentle slope toward Van Etten Lake.  

Remediation Activities. Air sparging activities commenced in March of 2002 in the area 
east of landfill 30 (downgradient edge), at depths of approximately 40 ft.  Groundwater 
extraction and treatment was also initiated in March of 2002 at two wells located on the 
eastern boundary of the landfill area.  The wells operate at approximately 30 gpm with a 
projected capture area of 110 ft.  Treated groundwater was returned to the natural system by 
means of infiltration upgradient of the landfill area (USAF, 2003b).   

Geology/Hydrogeology. The Wurtsmith AFB is reportedly underlain by unconsolidated 
Pleistocene glacial material including till and meltwater channel material, unconformably 
overlying Paleozoic sandstone and shale (Gillespie, 1990). Depth to water across the landfill 
area ranges between 7 and 9 feet.  The surficial, unconfined groundwater unit has an average 
thickness of 65 feet and is comprised of medium to coarse-grained sands with some gravel.  
Groundwater elevation data were reported for 9 monitoring events between 1980 and 2003 
(USAF, 2003b), with seasonal fluctuations in the 1 to 3 foot range (USAF, 2003a).   

The horizontal hydraulic gradient across the shallow aquifer at the site ranged between 
0.0032 and 0.00065 ft/ft (average of 0.005 ft/ft), toward the east-northeast.  Contaminant 
transport is generally toward the northeast, with two distinct chlorinated solvent plumes 
evident from the landfill area.  An average hydraulic conductivity of 140 ft/d was provided 
from previous studies (USAF, 2003a).   

Using an average horizontal gradient of 0.005 ft/ft, an average hydraulic conductivity 
value of 140 ft/d (0.049 cm/s), and an estimated effective porosity of 30%, the horizontal 
groundwater flow velocity is calculated to be approximately 852 ft/yr.   

Contaminant Plume Assessment. Detections of fuels and solvents at concentrations 
exceeding the MCL included benzene, ethylbenzene, toluene, xylenes, TCE, cis-DCE, and 
VC.  The concentration profiles along the plume centerline were plotted for TCE in 1991 and 
TCE, DCE, and VC in 2001 (Figures 31a and b).  The first-order biodegradation rates were 
calculated from Buscheck and Alcantar (1995), based on a seepage velocity of 852 ft/yr and a 
retardation coefficient of 1.74.  The biodegradation rates (half-lives) calculated for TCE and 
DCE were 4.7 and 3.5 years, respectively, in 2001 (Table 4a).  Average bulk attenuation rates 
of 1.4 and 0.2/yr were calculated for both TCE and DCE from the concentration profiles for 
the 1991 and 2001 data, respectively.   

Source concentrations over time indicated an overall decreasing trend and point 
attenuation rates were calculated for source well H127S (Figure 32 and Table 4b).  A source 
decay rate of 0.0005/yr was calculated for TCE assuming a hypothetical initial source 
concentration of 1,100 mg/L (TCE water solubility) in 1960 (Figure 32), as compared to the 
value of 0.019/yr calculated for data between 1991 and 2003 (Table 4b).  

Biochlor Model Development. The shallow zone was considered as one layer.  All model 
simulations were completed using the assumption that the fate and transport of the 
contaminants were under natural gradient conditions.  Tables 5a and b list the parameters 
used in BIOCHLOR to model the site.  The modeling goal was to estimate the time required 
to reduce TCE to below 0.005 mg/L, using natural attenuation.  Therefore, TCE and the 
associated daughter products, in 1991and 2001, were used for calibration and verification 
data, respectively.   
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The modeled layer was assumed to have a one-reaction zone, from a biodegradation 
standpoint.  A start date of 1960 was assumed for the source.  This translates to a 31-year 
time period release, based on the beginning of the landfill activities, for calibrating the model 
and a 41-year time period for model verification.  The size of the modeled area used was 
1,500 ft in width and 3,000 ft in length.  An overall decreasing trend in the TCE data at the 
source was observed, leading to the decaying source used for modeling.   

The average horizontal shallow groundwater gradient of 0.005 ft/ft was utilized in the 
analytical modeling.  The effective porosity of the unconsolidated sand and gravel material 
was assumed to be 30% (Domenico and Schwartz, 1990).  

Using the observed extent of the 5 ppb contour of the TCE plume in 1991 (the furthest 
extent of contamination exceeding the appropriate MCL), the plume length was estimated to 
be 2,500 feet.  Utilizing the modified Xu and Eckstein (1995) equation, a longitudinal 
dispersivity of approximately 36 ft was calculated.  The ratios of transverse/longitudinal and 
vertical/longitudinal dispersivity were assumed to be 0.01 and 0.001, respectively (ASTM, 
1995). 

Model Calibration and Validation. Both the source decay and the biodegradation rates 
were calibrated by fitting the model predicted source and centerline concentrations, 
respectively to the observed field data.  Because of limited field values, only TCE was used 
as the fitting parameter.  The 1991 calibrated TCE biodegradation first order decay rate 
(3.3/yr) was between the 75th percentile and the maximum value reported for all anaerobic in-
situ rates from Suarez and Rifai (1999).  DCE and VC were not calibrated since no data for 
these constituents were reported for the selected wells.  To match the 1991 source data, an 
overall source decay value of 0.228 1/yr was used in the calibrated model.   

To predict plume stability as defined by the TCE 5 ppb concentrations, the model was run 
for 54 years from the initial date of contamination (1960).  The decaying source scenario 
indicated that site TCE concentrations would decrease to below 5 ppb after a period of 54 
years.   
Uncertainty Analysis. Select parameters were assigned probability distributions, based on 
the distribution types typically observed for the hydrogeologic and model input parameters 
(Tables 5a and 5b).  The simulation time was fixed for each Monte Carlo run.  The minimum 
and maximum values that bound the lognormal distributions (seepage velocity, dispersion, 
bulk density, and source width) were based on the variations observed in the data gathered 
for site.  

A total of 2,500 simulations were completed for the probability distributions provided for 
the select input parameters.  Concentration forecasts were obtained for TCE and DCE with 
decay, as well as the simulations assuming no decay (TCE no decay), at six locations along 
the centerline, downgradient of the source (0, 300, 600, 900, 1,200, and 1,500 ft).   

Figures 33a and b present the uncertainty associated with the BIOCHLOR simulations for 
TCE and DCE, respectively.  Both the TCE and DCE deterministic values were significantly 
greater than the maximum stochastic values, indicating a much more conservative 
deterministic evaluation.   

Concentration distributions were plotted for the calibration simulation (31 years), the 
predictive year (54 years), and select points (35, 40, 45, and 50 years) (Figures 34a and b).  
These simulations allow for a distribution to be obtained for the predictive concentrations for 
each time period.  The deterministic values for TCE at the source (Figure 34a) again greatly 
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exceed the maximum stochastic distributions, for all time periods.  At a location 1,500 ft 
downgradient (Figure 34b), TCE deterministic values again greatly exceed the maximum 
values for the stochastic distributions.  Stochastic results for both locations are similar in 
magnitude.   

Deterministic BIOCHLOR modeling indicated that 54 years would be required for 
concentrations of TCE to decrease to less than 5 ppb across the entire site but stochastic 
distributions indicated that the MCL goal had already been achieved. 
E.5 DISCUSSION AND ANALYSIS OF MODELING OF SIX SITES 

The deterministic and stochastic modeling that was discussed for the six sites above relied 
on site data for model set-up and parameter estimation. Several observations were made 
regarding parameter estimation: 

1. While concentration versus distance plots along the centerline were used to estimate 
biodegradation rates, these estimates had to be modified during the process of model 
calibration. For most sites, the calibrated biodegradation rates were higher than the 
calculated ones based on field data (Table 6). This is possibly due to the effects of a 
changing source over time and also possibly due to some of the remediation activities 
that were undertaken at the sites and that could not be modeled with Biochlor. 

2. A similar observation was made for source decay for Warren, Tinker, Wurtsmith, and 
Ashumet, i.e., the modeled source decay rate constant was higher than the estimated 
rate from concentration versus time plots for source wells (Table 7). The modeled rate 
was based on an initial concentration equal to the solubility of the compound in 
question for the first year of facility operation and the concentration in the source area 
during the calibration year. These higher source decay rate constants result in shorter 
remediation times as would be expected. 

These findings, particularly when combined with the sensitivity analysis of the Biochlor 
model presented earlier highlight the importance of source characterization and field-based 
estimates of biodegradation rates. 
E.6 SUMMARY AND CONCLUSIONS 

In this study, a Monte Carlo version of the Biochlor analytical model was developed and 
applied to a synthetic case study as well as to six sites in the US. Results indicated that the 
stochastic Biochlor model was most sensitive to velocity, longitudinal dispersion, and the 
fraction of organic carbon at the source. The model was most sensitive to velocity, 
longitudinal dispersion, fraction of organic carbon and the biodegradation rate constant at 
distances downgradient from the source. The stochastic model could not be used to evaluate 
the effects of the source decay rate constant on modeled concentrations since the decay rate 
constant was a calculated value in the stochastic model. This is a significant difference 
between the deterministic Biochlor and the stochastic Biochlor that potentially causes 
deterministic model results to fall between the 75th and maximum predicted values from the 
stochastic model. The predicted concentration distributions from the stochastic Biochlor 
model at the source are very sensitive to the hydrogeologic properties, in particular, the 
contaminant velocity (seepage velocity and retardation). Application of the stochastic model 
to the six sites confirmed the importance of the contaminant velocity, the biodegradation rate 
constant and the source decay rate constant for determining cleanup times for natural 
attenuation. 
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Table 1. Model Inputs for Biochlor – Base Case 

Input Value 
Hydraulic Conductivity 9.0 x 10-5 cm/sec 
Hydraulic Gradient 0.05 
Effective Porosity 0.2 
Longitudinal Dispersivity 
(Alpha x) 

50 ft 

Transverse Dispersivity/ 
Longitudinal Dispersivity 
(Alpha y)/(Alpha x) 

0.1 

Vertical Dispersivity/ 
Longitudinal Dispersivity 
(Alpha z)/(Alpha x) 

0.001 

Soil Bulk Density 1.5 kg/L 
Fraction Organic Carbon 0.001 
Partition Coefficients PCE = 426 L/kg 

TCE = 130 L/kg 
DCE = 125 L/kg 
VC = 30 L/kg 
ETH = 302 L/kg 

Biodegradation 1st Order 
Decay Coefficients 

0 day-1 

Simulation Time 100 years 
Modeled Area Width 100 ft 
Modeled Area Length 2500 ft 
Source Thickness in Sat. 
Zone 

5 ft 

Source Concentrations PCE = 100.0 mg/L 
TCE = 0 mg/L 
DCE = 0 mg/L 
VC = 0 mg/L 
ETH = 0 mg/L 

Source Decay 0 day-1 

 

E-27



Table 2a: BIOCHLOR Stochastic Model Parameters
Synthetic Case Study 

Deterministic Stochastic Standard
Property Value Distribution Meana Deviation Minimum Maximum Comments
Seepage Velocity (ft/yr) 87.6 Lognormal 88 62 26 511 National Average Data (Newell et al., 1990)
Porosity 0.38 Lognormal 0.28 0.04 0.20 0.40 (Aziz et al., 2000b)
Dispersion - αx (ft) 30.211 Lognormal 30 20 16 160 Based on 1% to 10% of plume length
Dispersion - αy/αx (ft) 0.33 Uniform - - 0.10 0.33 (ASTM, 1995)
Dispersion - αz/αx (ft) 0.05 Uniform - - 0 0.10 (Aziz et al., 2000a)
Soil Bulk Density (kg/L) 1.643 Lognormal 1.64 0.05 1.49 1.8 (Freeze and Cherry, 1979)
Fraction Organic Carbon 0.001 Uniform - - 0.002 0.020 (Aziz et al., 2000a)
Average Retardation Factor R 1.56 Formula - - - - Calculated by BIOCHLOR (Aziz et al., 2000a)
TCE to DCE Biodegradation 0.657 Uniform - - 0.237 1.205 25th and 75th values from anaerobic, in-situ studies (Suarez and Rifai, 1999)
DCE to VC Biodegradation 0.621 Uniform - - 0.292 1.643 25th and 75th values for cis-DCE from anaerobic, in-situ studies (Suarez and Rifai, 1999)
VC to ETH Biodegradation 0.584 Uniform - - 0.292 1.278 25th and 75th values from anaerobic, in-situ studies (Suarez and Rifai, 1999)
TCA to DCA Biodegradation 6.57 Uniform - - 0.438 15.70 25th and 75th values from anaerobic, in-situ studies (Suarez and Rifai, 1999)
DCA to CA Biodegradation 0.164 Uniform - - 0.069 0.475 25th and 75th values from anaerobic, in-situ studies (Suarez and Rifai, 1999)
CA to Ethane Biodegradation 18.25 Uniform - - 11.32 73.0 25th and 75th values from anaerobic, in-situ studies (Suarez and Rifai, 1999)
Simulation Time (yr) 1,10, 25,100 Fixed - - - - Variable across simulations
Source Thickness (ft) 20 Uniform - - 1 50 (Aziz et al., 2000a)
Source Width (ft) 410 Lognormal 410 162 120 700 (Aziz et al., 2000a)
Source Decay (1/yr) 0.3712 Formula/Uniform - - 0 0.12 Calculated by BIOCHLOR (Aziz et al., 2000a)
TCE Source Concentration (mg/L) 1100 Fixed 1100 - 11 1100 1% to 100% of TCE Solubility
a Lognormal Distributions
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Table 2b: BIOCHLOR Stochastic Input Parameter Distributions: Seepage Velocity (Vs), Fraction of Organic Carbon (foc), and Soil Bulk Density ρb)

Synthetic Case Study 

Hydrogeologic Environment Vs Mean (ft/yr) a Vs Standard Deviation a Vs Minimum (ft/yr) a Vs Maximum (ft/yr) a
foc Minimum foc Maximum ρb Minimum ρb Maximum 

National average 87.6 1.2 0.256 36500 - - - -
Metamorphic and igneous 51 60 2 547.0 0.00026 0.001 1.21 2.69
Bedded sedimentary rock 40 220 3 2187 0.00026 0.001 1.54 3.17
Till over sedimentary rock 40 2.6 32 49.00 0.0017 0.0019 1.61 2.12
Sand and gravel uniform 1 146000 0.00017 0.00125 1.37 1.81
River valley and flood plains with overbank deposits 128 500 7 5471 0.00053 0.0012 1.27 1.93
River valleys and floodplains without overbank deposits 438 425 22 3650 0.00053 0.0012 1.27 1.93
Alluvial basins, valleys and fans 230 365 3 3648 0.00017 0.0057 1.01 1.81
Outwash 511 450 32 3651 0.00017 0.00125 1.37 1.81
Till and till over outwash 292 950 15 10814 0.0017 0.0019 1.61 2.12
Unconsolidated and semi-consolidated shallow aquifers 26 36 2 365 0.00053 0.0012 1.27 1.93
Coastal beaches 33 52 1 548.0 0.00026 0.007 1.37 1.81
Solution limestone 100 2000 13 9642 0.00026 0.001 1.21 2.69
a Data from the Hydrogeologic Database (Newell et al., 1990)
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Table 3a: Calibration Field Data for Six Sites

Warren AFB - 1993 (33 years)
Distance from the Source along the Plume Centerline (ft) 0 180 625 830 1069 1575 1690
TCE Concentration (mg/L) 0.113 0.034 0.044 0.019 0.015 0.005 0.0012
DCE Concentration (mg/L) 0.093 0.028 0.024 0.009 0.005 0.0005 nm
VC Concentration (mg/L) 0.0005 0.0005 0.0009 0.0009 nm nm 0.004

CCAS - 1996 (38 years)
Distance from the Source along the Plume Centerline (ft) 0 50 175 865 1840
TCE Concentration (mg/L) 39.4 0.239 0.0011 0.0011 0.0011

DCE Concentration (mg/L) 4.3831 2.4237 2.6177 0.7632 0.13
VC Concentration (mg/L) 0.24 0.21 0.836 0.51 0.0163
ETH Concentration (mg/L) 0.006 0.006 0.018 0.013 0.003

Tinker AFB - 1997 (35 years)
Distance from the Source along the Plume Centerline (ft) 10 450 1100
PCE Concentration (mg/L) 0.0061 nm nm
TCE Concentration (mg/L) 9.44 1.49 0.344
DCE Concentration (mg/L) 1.286 0.1902 0.05
VC Concentration (mg/L) 0.0017 nm nm

Shaw AFB - 1997 (56 years)
Distance from the Source along the Plume Centerline (ft) 0 100 260 420
TCA Concentration (mg/L) 23 2.03 0.0605 0.0786
DCA Concentration (mg/L) 1.06 8.7 1.153 1.07

Wurtsmith - 1991 (31 years)
Distance from the Source along the Plume Centerline (ft) 0 325 710 2100
TCE Concentration (mg/L) 0.91 0.1 0.01 0.0014
DCE Concentration (mg/L) 0.0011 nm nm nm

Ashumet Valley, MMR - 1998 (40 years)
Distance from the Source along the Plume Centerline (ft) 1152 3915 12091
PCE Concentration (mg/L) 0.022 0.004 0.0218
TCE Concentration (mg/L) 0.0011 0.0051 0.00258
cis-DCE Concentration (mg/L) 0.0011 0.077 0.0011

1 Detection Limit

nm - not measured
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Table 3b: Verification Field Data for Six Sites

Warren AFB - 2002 (42 years)
Distance from the Source along the Plume Centerline (ft) 0 180 403 625 830
TCE Concentration (mg/L) 0.04 0.037 0.024 0.01 0.001
DCE Concentration (mg/L) 0.035 0.023 0.01 0.001 nm

CCAS - 2001 (43 years)
Distance from the Source along the Plume Centerline (ft) 0 50 175 865 1840
TCE Concentration (mg/L) 4.29 0.074 0.001 0.001 0.001
DCE Concentration (mg/L) 0.9928 2.1841 0.1893 0.001 0.0096
VC Concentration (mg/L) 0.042 0.741 0.458 0.001 0.0044

Tinker AFB - 1999 (37 years)
Distance from the Source along the Plume Centerline (ft) 10 450 1100
PCE Concentration (mg/L) 0.0037 nm nm
TCE Concentration (mg/L) 6.2 0.751 0.186
DCE Concentration (mg/L) 0.703 0.1091 0.0285
VC Concentration (mg/L) 0.001 nm nm

Shaw AFB - 2002 (61 years)
Distance from the Source along the Plume Centerline (ft) 100
TCA Concentration (mg/L) 0.0011

DCA Concentration (mg/L) 0.0078

Wurtsmith - 2001 (41 years)
Distance from the Source along the Plume Centerline (ft) 0 325 1610 2100
TCE Concentration (mg/L) 0.108 0.0112 nm 0.027
DCE Concentration (mg/L) 0.063 0.02968 nm 0.021
VC Concentration (mg/L) 0.0011 0.0011 0.0022 0.0011

Ashumet Valley, MMR - 1999 (41 years)
Distance from the Source along the Plume Centerline (ft) 1152 1958 7485 12091
PCE Concentration (mg/L) 0.026 0.013 0.0057 0.017
TCE Concentration (mg/L) 0.00065 0.0011 0.012 0.0016
DCE Concentration (mg/L) 0.0021 0.0011 0.066 0.0011

1 Detection Limit

nm - not measured
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Table 4a: Centerline Concentrations (mg/L) and Calculated Attenuation Rates for Six Sites

Buscheck and Alcantar (1995) Biodegradation (λ) =[Vc/4αx] [(1+2αx(k/Vx))2 - 1] , t1/2 = Ln2 / λ
Bulk Attenuation (k) = k/vx * Vc (Newell et al., 2002)
All values reported in mg/L

Warren AFB
Input: Vc (ft/d)= 0.152 αx (ft) = 31.637
Oct-93

Well Distance (ft) TCE DCE VC
HP-18 0 0.113 0.093 0.0005

209 180 0.034 0.028 0.0005
210 625 0.044 0.024 0.0009
211 830 0.019 0.009 0.0009

interpolated 1069 0.015 0.005 NA
interpolated 1575 0.005 0.0005 NA

199 1690 0.0012 NA NA
k/vx (1/ft) (from Figure 4.5) -0.0022 -0.003
Bulk Attenuation (1/yr) 0.122 0.167
Biodegradation Rate (1/yr) 0.131 0.183
Biodegradation Half-life (yr) 5.3 3.8

Apr-99
Well Distance (ft) TCE DCE VC

207 0 0.0331 0.035 0.9457
209 180 0.0931 0.129 0.7217
210 625 0.0267 0.0158 1.6899
211 830 0.0075 0.0033 NA

interpolated 1069 0.014 0.0029 NA
interpolated 1575 0.001 0.0005 NA

199 1690 0.0005 NA NA
k/vx (1/ft) (from Figure 4.5) -0.0027 -0.0032
Bulk Attenuation (1/yr) 0.150 0.178
Biodegradation Rate (1/yr) 0.163 0.196
Biodegradation Half-life (yr) 4.3 3.5

Aug-02
Well Distance (ft) TCE DCE VC

207 0 0.04 0.035 1.1429
209 180 0.037 0.023 1.6087

interpolated 403 0.024 0.01 NA
210 625 0.01 0.001 10.0000

projected 830 0.001 NA NA
k/vx (1/ft) (from Figure 4.5) -0.0041 -0.0055
Bulk Attenuation (1/yr) 0.228 0.306
Biodegradation Rate (1/yr) 0.258 0.359
Biodegradation Half-life (yr) 2.7 1.9

E-32



Table 4a: Centerline Concentrations (mg/L) and Calculated Attenuation Rates for Six Sites

Buscheck and Alcantar (1995) Biodegradation (λ) =[Vc/4αx] [(1+2αx(k/Vx))2 - 1] , t1/2 = Ln2 / λ
Bulk Attenuation (k) = k/vx * Vc (Newell et al., 2002)
All values reported in mg/L

CCAS
Input: Vc (ft/d)= 0.058 αx (ft) = 38.275
1996

Well Distance (ft) TCE DCE VC ETH
S09 0 39.4 4.3831 0.24 0.006
S01 50 0.239 2.4237 0.21 0.006
S03 175 0.001 2.6177 0.836 0.018
S12 865 0.001 0.7632 0.51 0.013
S15 1840 0.001 0.13 0.0163 0.003
k/vx (1/ft) (from Figure 4.8a) -0.0037 -0.0018 -0.0015 -0.0005
Bulk Attenuation (1/yr) 0.0789 0.0384 0.0320 0.0107
Biodegradation Rate (1/yr) 0.0901 0.0410 0.0338 0.0109
Biodegradation Half-life (yr) 7.7 16.9 20.5 63.8
 

1998
Well Distance (ft) TCE DCE VC ETH
S09 0 210 8.2949 0.1666 0.006
S01 50 0.819 2.6595 0.47 0.016
S03 175 0.0011 1.0205 0.559 0.011
S12 865 0.001 0.1121 0.0422 0.001
S15 1840 0.001 0.0888 0.0089 0.001
k/vx (1/ft) (from Figure 4.8b) -0.0044 -0.0022 -0.0021 -0.0014
Bulk Attenuation (1/yr) 0.0938 0.0469 0.0448 0.0299
Biodegradation Rate (1/yr) 0.1096 0.0509 0.0484 0.0315
Biodegradation Half-life (yr) 6.3 13.6 14.3 22.0

2001
Well Distance (ft) TCE DCE VC
S09 0 4.29 0.9928 0.042
S01 50 0.074 2.1841 0.741
S03 175 0.001 0.1893 0.458
S12 865 0.001 0.001 0.001
S15 1840 0.001 0.0096 0.0044
k/vx (1/ft) (from Figure 4.8c) -0.0029 -0.0031 -0.0026
Bulk Attenuation (1/yr) 0.0618 0.0661 0.0554
Biodegradation Rate (1/yr) 0.0687 0.0739 0.0610
Biodegradation Half-life (yr) 10.1 9.4 11.4
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Table 4a: Centerline Concentrations (mg/L) and Calculated Attenuation Rates for Six Sites

Buscheck and Alcantar (1995) Biodegradation (λ) =[Vc/4αx] [(1+2αx(k/Vx))2 - 1] , t1/2 = Ln2 / λ
Bulk Attenuation (k) = k/vx * Vc (Newell et al., 2002)
All values reported in mg/L

Tinker AFB
Input: Vc (ft/d)= 0.189 αx (ft) = 30.21

Aug-97
Well Distance (ft) PCE TCE DCE VC
2-62B 10 0.0061 9.44 1.286 0.0017
CG39B97-43S 450 NA 1.49 0.1902 NA
2-355B 1100 NA 0.344 0.05 NA
k/vx (1/ft) (from Figure 4.11a) -0.003 -0.0029
Bulk Attenuation (1/yr) 0.207 0.201
Biodegradation Rate (1/yr) 0.226 0.218
Biodegradation Half-life (yr) 3.1 3.2

Apr-99
Well Distance (ft) PCE TCE DCE VC
2-62B 10 0.0037 6.200 0.703 0.001
CG39B97-43S 450 NA 0.751 0.1091 NA
2-355B 1100 NA 0.186 0.0285 NA
k/vx (1/ft) (from Figure 4.11b) -0.0031 -0.0029
Bulk Attenuation (1/yr) 0.214 0.201
Biodegradation Rate (1/yr) 0.234 0.218
Biodegradation Half-life (yr) 3.0 3.2
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Table 4a: Centerline Concentrations (mg/L) and Calculated Attenuation Rates for Six Sites

Buscheck and Alcantar (1995) Biodegradation (λ) =[Vc/4αx] [(1+2αx(k/Vx))2 - 1] , t1/2 = Ln2 / λ
Bulk Attenuation (k) = k/vx * Vc (Newell et al., 2002)
All values reported in mg/L

Shaw AFB
Input: Vc (ft/d)= 0.407 αx (ft) = 23.798

May-97
Well Distance (ft) PCE TCE cis-DCE VC
MPC 0 0.0907 0.718 4.590 0.0304
MW-115 100 0.0048 0.0102 1.62 0.4160
TMP-3 260 0.001 0.0039 0.15 0.0596
TMP-2 420 ND 0.0012 0.339 0.0228
Long Branch Creek/SWS-4 460 ND ND ND ND
k/vx (1/ft) (from Figure 4.14) -0.0166 -0.0135 -0.007 -0.0026
Bulk Attenuation (1/yr) 2.46 2.00 1.04 0.39
Biodegradation Rate (1/yr) 3.44 2.65 1.21 0.41
Biodegradation Half-life (yr) 0.2 0.3 0.6 1.7
 

May-97
Well Distance (ft) 1,1-DCE 1,1,1-TCA 1,1-DCA
MPC 0 0.7480 23.0000 1.0600
MW-115 100 0.368 2.0300 8.7000
TMP-3 260 0.0402 0.0605 1.1530
TMP-2 420 0.116 0.0786 1.0700
Long Branch Creek/SWS-4 460 ND ND ND
k/vx (1/ft) (from Figure 4.14) -0.0053 -0.0141 -0.0019
Bulk Attenuation (1/yr) 0.79 2.09 0.28
Biodegradation Rate (1/yr) 0.89 2.80 0.29
Biodegradation Half-life (yr) 0.8 0.2 2.4
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Table 4a: Centerline Concentrations (mg/L) and Calculated Attenuation Rates for Six Sites

Buscheck and Alcantar (1995) Biodegradation (λ) =[Vc/4αx] [(1+2αx(k/Vx))2 - 1] , t1/2 = Ln2 / λ
Bulk Attenuation (k) = k/vx * Vc (Newell et al., 2002)
All values reported in mg/L

Wurtsmith AFB
Input: Vc (ft/d)= 1.342 αx (ft) = 35.82

May-91
Well Distance (ft) TCE DCE
H127S 0 0.91 0.0011
- 325 0.1 NA
- 710 0.01 NA
H75S 2100 0.0014 NA
k/vx (1/ft) (from Figure 4.17a) -0.0028
Bulk Attenuation (1/yr) 1.37
Biodegradation Rate (1/yr) 1.51
Biodegradation Half-life(yr) 0.5

Oct-01
Well Distance (ft) TCE DCE VC
H127S 0 0.108 0.063 0.001
LF30-MW5 325 0.0112 0.02968 0.0011
- 1610 0.0022
H75S 2100 0.027 0.021 0.0011
k/vx (1/ft) (from Figure 4.17b) -0.0003 -0.0004
Bulk Attenuation (1/yr) 0.15 0.20
Biodegradation Rate (1/yr) 0.15 0.20
Biodegradation Half-life(yr) 4.7 3.5
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Table 4a: Centerline Concentrations (mg/L) and Calculated Attenuation Rates for Six Sites

Buscheck and Alcantar (1995) Biodegradation (λ) =[Vc/4αx] [(1+2αx(k/Vx))2 - 1] , t1/2 = Ln2 / λ
Bulk Attenuation (k) = k/vx * Vc (Newell et al., 2002)
All values reported in mg/L

Ashumet, MMR
Input: Vc (ft/d)= 0.996 αx (ft) = 71.54
Jul-98

Well Distance (ft) PCE TCE DCE
30MW0426B 1152 0.022 0.001 0.001
30MW0428B 1958 NA NA NA
95MW0109B 3915 0.004 0.00049 0.077
30MW0585B 7485 NA NA NA
USFW350064 12091 0.0218 0.00258 0.001
k/vx (1/ft) (from Figure 4.20a) -0.0001
Bulk Attenuation (1/yr) 0.036
Biodegradation Rate (1/yr) 0.037
Biodegradation Half-life(yr) 18.9

Sep-99
Well Distance (ft) PCE TCE DCE
30MW0426B 1152 0.026 0.00065 0.001
30MW0428B 1958 0.013 0.001 0.001
95MW0109B 3915 NA NA NA
30MW0585B 7485 0.0057 0.012 0.066
USFW350064 12091 0.017 0.0016 0.001
k/vx (1/ft) (from Figure 4.20b) -0.00004
Bulk Attenuation (1/yr) 0.015
Biodegradation Rate (1/yr) 0.015
Biodegradation Half-life(yr) 47.5

Oct-03
Well Distance (ft) PCE TCE DCE
30MW0426B 1152 0.00815 0.00057 0.00025
30MW0428B 1958 0.00025 0.001 0.001
95MW0109B 3915 0.001 0.001 0.001
30MW0585B 7485 0.0011 0.001 0.02
USFW350064 12091 0.00391 0.001 0.001
k/vx (1/ft) (from Figure 4.20c) 7.00E-05 3.00E-05 0.0002
Note:
All concentrations are mg/L.
No bulk attenuation or biodegradation values were calculated for postive slopes.
NA - Data not available
ND - Non Detect
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Table 4b: Temporal Variations in Well Concentrations and Calculated Point Attenuation Rates for Six Sites

Warren AFB
HP-18/207* 209 210

TCE 10/01/93 0.113 0.034 0.044
04/01/99 0.0331 0.0931 0.0267
8/29/02 0.04 0.037 0.01

slope ks (1/d) -0.0003 0.0001 -0.0004
slope ks (1/yr) -0.1266 0.0259 -0.1591

DCE 10/01/93 0.093 0.028 0.024
04/01/99 0.035 0.129 0.0158
8/29/02 0.035 0.023 0.001

slope ks (1/d) -0.0003 0.00002 -0.0009
slope ks (1/yr) -0.1161 0.0063 -0.3299
*HP-18/207 is considered to be in the source area and the slope values are therefore representative of the source decay rate.
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Table 4b: Temporal Variations in Well Concentrations and Calculated Point Attenuation Rates for Six Sites

CCAS
S09* S01* S03 S12 S15

TCE Sep-96 39.4 0.239 0.001 0.001 0.001
Mar-98 210 0.819 0.0011 0.001 0.001
Aug-01 4.29 0.074 0.001 0.001 0.001

slope ks (1/d) -0.0016 -0.0009 -0.00001
slope ks (1/yr) -0.5717 -0.3201 -0.0049

DCE Sep-96 4.3831 2.4237 2.6177 0.7632 0.13
Mar-98 8.2949 2.6595 1.0205 0.1121 0.0888
Aug-01 0.9928 2.1841 0.1893 0.001 0.0096

slope ks (1/d) -0.0010 -0.0001 -0.0014 -0.0037 -0.0015
slope ks (1/yr) -0.3580 -0.0276 -0.5269 -1.3552 -0.5511

VC Sep-96 0.24 0.21 0.836 0.51 0.0163
Mar-98 0.166 0.47 0.559 0.0422 0.0089
Aug-01 0.042 0.741 0.458 0.001 0.0044

slope ks (1/d) -0.0010 0.0006 -0.0003 -0.0034 -0.0007
slope ks (1/yr) -0.3628 0.2348 -0.1111 -1.2374 -0.2557
*S09 and S01 are considered to be in the source area and the slope values are therefore representative of the source decay rate.

E-39



Table 4b: Temporal Variations in Well Concentrations and Calculated Point Attenuation Rates for Six Sites

Tinker AFB
2-62B* 2-64B 2-65B

PCE 12/10/1993 NA NA NA
9/13/1995 NA NA 0.022
7/24/1996 NA NA 0.044
7/31/1997 0.0061 NA 0.052
4/8/1999 0.0037 0.0013 0.154

slope ks (1/d) 0.00141
slope ks (1/yr) 0.5154

2-62B* 2-64B 2-65B
TCE 12/10/1993 8.3 0.096 0.099

9/13/1995 9.1 0.16 0.068
7/24/1996 4.3 0.47 0.055
7/31/1997 9.44 0.914 0.09
4/8/1999 6.2 2.13 0.25

slope ks (1/d) -0.0001 0.0017 0.0005
slope ks (1/yr) -0.0440 0.6189 0.1716

DCE 12/10/1993 1.736 0.039 0.024
9/13/1995 1.102 0.035 0.014
7/24/1996 0.961 0.18 0.037
7/31/1997 1.286 0.1716 0.0395
4/8/1999 0.703 0.3603 0.1573

slope ks (1/d) -0.0004 0.0013 0.0010
slope ks (1/yr) -0.1410 0.4617 0.3727

VC 12/10/1993 0.001 NA NA
9/13/1995 0.001 NA NA
7/24/1996 0.001 NA 0.002
7/31/1997 0.0017 NA 0.0013
4/8/1999 0.001 NA 0.0051

slope ks (1/d) 0.0001 0.0011
slope ks (1/yr) 0.0323 0.3925
*2-62B is considered to be in the source area and the slope values are therefore representative of the source decay rate.
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Table 4b: Temporal Variations in Well Concentrations and Calculated Point Attenuation Rates for Six Sites

Shaw AFB
MW-115 MW-117

TCA May-97 2.030 4.69
Apr-98 0.220 11
Jan-99 0.012 7
Jan-00 NA 2.8
Jan-01 NA 0.61
Jan-02 NA 0.51
Apr-02 NA 0.327
Jul-02 NA 1.24
Oct-02 NA 1.9

slope ks (1/d) -0.0086 -0.0013
slope ks (1/yr) -3.1252 -0.4814

MW-115 MW-117
1,1-DCA 5/15/1997 8.7 0.481

4/1/1998 0.095 0.55
1/1/1999 0.0046 0.14
1/1/2000 0.011 0.083
1/1/2001 0.011 0.098
1/1/2002 0.0023 0.0212
4/1/2002 0.00317 0.121
7/1/2002 0.00523 0.14

10/1/2002 0.0078
slope ks (1/d) -0.0027 -0.0010
slope ks (1/yr) -0.9857 -0.3764

1,1-DCE 5/15/1997 0.368 0.148
4/1/1998 0.095 0.55
1/1/1999 0.009 6
1/1/2000 0.011 0.14
1/1/2001 0.011 0.083
1/1/2002 0.00230 0.098
4/1/2002 0.00317 0.0212
7/1/2002 0.00523 0.121

10/1/2002 0.00780 0.14
slope ks (1/d) -0.0019 -0.0012
slope ks (1/yr) -0.7003 -0.4203

VC 1/1/1999 0.056 0.22
1/1/2000 0.18 0.097
1/1/2001 0.2 0.22
1/1/2002 0.098 0.32
4/1/2002 0.0524 0.127
7/1/2002 0.0553 0.133

10/1/2002 0.00026 0.064
slope ks (1/d) -0.0021 -0.0003
slope ks (1/yr) -0.7706 -0.1194
*MW-115 is considered to be in the source area and the slope values are therefore representative of the source decay rate.
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Table 4b: Temporal Variations in Well Concentrations and Calculated Point Attenuation Rates for Six Sites

Wurtsmith AFB
H127S

TCE 1991 0.910
1995 0.180
1997 0.230
1998 0.85
1999 1.671
2000 0.799
2001 0.108
2002 0.531
2003 0.353

slope ks (1/d) -0.0001
slope ks (1/yr) 0.01925

DCE 1995 0.243
1997 0.44
1998 0.52
1999 0.651
2000 0.828
2001 0.063
2002 0.11
2003 0.217

slope ks (1/d) -0.0001
slope ks (1/yr) 0.0275
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Table 4b: Temporal Variations in Well Concentrations and Calculated Point Attenuation Rates for Six Sites

Ashumet, MMR
30MW0426B

PCE 7/22/1998 0.022
9/27/1999 0.026

10/15/2003 0.00815
slope ks (1/d) -8E-06
slope ks (1/yr) 3E-03

TCE 7/22/1998 0.001
9/27/1999 0.00065

10/15/2003 0.00057
slope ks (1/d) -2E-07
slope ks (1/yr) 7E-05

DCE 7/22/1998 0.001
9/27/1999 0.001

10/15/2003 0.00025
slope ks (1/d) -4E-07
slope ks (1/yr) 0.0002
Note:
NA - no data available
All concentrations mg/L
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Table 5a: Deterministic BIOCHLOR Model Parameters for Six Sites

Property Warren AFB CCAS Tinker AFB Shaw AFB Wurtsmith AFB Ashumet MMR
Hydraulic Conductivity - K (ft/yr) 1657 11389 5487 6419 51135 82181
Hydraulic Gradient - i (ft/ft) 0.012 0.00059 0.006 0.007 0.005 0.0017
Porosity - n 0.3 0.25 0.25 0.25 0.3 0.3
Velocity, seepage (ft/yr) 66 26 131 180 852 465
Plume Length - Lp (ft) 1800 3000 1600 900a 900c 21880
Dispersion - αx (ft) 31.64 38.28 30.21 23.80 35.82 71.54
Dispersion - αy / αx (ft) 0.33 0.01 0.01 0.01 0.01 0.33
Dispersion - αz / αx (ft) 0.05 0.001 0.001 0.001 0.001 0.05
Soil Bulk Density (kg/L) 1.66 1.72 1.65 1.72 1.7 1.68
Fraction of Organic Carbon - foc 0.00027 0.0046 0.0081 0.00024 0.001 0.00038
Average Retardation Coefficient R - calculated by BIOCHLOR 1.19 1.21 e 1.9 e 1.21 1.74 1.28
Time of Source Emplacement 1960 1958 1962 1941 1960 1958
Calibration Simulation Time (yrs) 33 38 35 56 31 40
Verification Simulation Time (yrs) 42 43 37 61 41 41
Model Area Width (ft) 1000 1500 500 1440 1500 2500
Model Area Length (ft) 2500 3000 1600 1600 3000 25000
Source Thickness (ft) 50 50 6 10 45 150
Source Width (ft) 489 450 100 240 200 1500
Source Decay ks (1/yr) - calibrated 0.28 0.087 0.14 0.065 0.23 0.22
Source Concentration (mg/L) 1100 1100 1100 950b 1100 150d

a East South-East plume
b Source is TCA
c North Plume
d Source is PCE
e Value taken from field studies
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Table 5b: Stochastic BIOCHLOR Model Distributions for Six Sites

Warren AFB
Property Deterministic Value Distribution Type Mean Minimum Maximum
Seepage Velocity (ft/yr) 66 Lognormal 66 52 82
Dispersion - αx (ft) 32 Lognormal 32 24 42
Soil Bulk Density (kg/L) 1.66 Lognormal 1.65 1.52 1.81
TCE to DCE 1st Order Biodegradation 0.45 Uniform - 0 8.4
DCE to VC 1st Order Biodegradation 1.02 Uniform - 0 47.5
VC to ETH 1st Order Biodegradation 0.66 Uniform - 0 2.6
Simulation Time (yr) 33 Fixed - - -
Source Thickness (ft) 50 Uniform - 1 50
Source Width (ft) 489 Lognormal 489 432 552
Source Decay (1/yr) 0.278 Formula - - -
Source Concentration (mg/L) 1100 Fixed - - -

CCAS
Property Deterministic Value Distribution Type Mean Minimum Maximum
Seepage Velocity (ft/yr) 26 Lognormal 25.8 8 74
Dispersion - αx (ft) 38 Lognormal 38 30 300
Soil Bulk Density (kg/L) 1.72 Lognormal 1.72 1.56 1.88
TCE to DCE 1st Order Biodegradation 7 Uniform - 0 8.40
DCE to VC 1st Order Biodegradation 0.25 Uniform - 0 47.45
VC to ETH 1st Order Biodegradation 1.3 Uniform - 0 2.56
Simulation Time (yr) 38 Fixed - - -
Source Thickness (ft) 50 Uniform - 1 50
Source Width (ft) 450 Lognormal 450 394 513
Source Decay (1/yr) 0.087 Formula - - -
Source Concentration (mg/L) 1100 Fixed - - -
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Table 5b: Stochastic BIOCHLOR Model Distributions for Six Sites

Tinker, AFB
Property Deterministic Value Distribution Type Likeliest/Mean Minimum Maximum
Seepage Velocity (ft/yr) 131 Lognormal 131 30 164.3
Dispersion - αx (ft) 30 Lognormal 68.67 16 160
Soil Bulk Density (kg/L) 1.65 Lognormal 1.65 1.51 1.81
TCE to DCE 1st Order Biodegradation 0.64 Uniform - 0.3 8.40
DCE to VC 1st Order Biodegradation 3.19 Uniform - 0.3 47.45
VC to ETH 1st Order Biodegradation 0 Uniform - 0.5 2.56
Simulation Time (yr) 35 Fixed - - -
Source Thickness (ft) 6 Uniform - 1 40
Source Width (ft) 100 Lognormal 100 54 177
Source Decay (1/yr) 0.136 Formula - - -
Source Concentration (mg/L) 1100 Fixed - - -

Shaw AFB
Property Deterministic Value Distribution Type Mean Minimum Maximum
Seepage Velocity (ft/yr) 180 Lognormal 180 21 770
Dispersion - αx (ft) 24 Lognormal 23.8 9 90
Soil Bulk Density (kg/L) 1.72 Lognormal 1.72 1.58 1.87
TCA to DCA 1st Order Biodegradation 3.3 Uniform - 0.004 73
DCA to CA 1st Order Biodegradation 1.85 Uniform - 0.11 7.3
Simulation Time (yr) 56 Fixed - - -
Source Thickness (ft) 10 Uniform - 1 20
Source Width (ft) 240 Lognormal 240 187 300
Source Decay (1/yr) 1.25 Formula - - -
Source Concentration (mg/L) 950 Fixed - - -
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Table 5b: Stochastic BIOCHLOR Model Distributions for Six Sites

Wurtsmith AFB
Property Deterministic Value Distribution Type Mean Minimum Maximum
Seepage Velocity (ft/yr) 852 Lognormal 840 788 855
Dispersion - αx (ft) 36 Lognormal 36 9 90
Soil Bulk Density (kg/L) 1.7 Lognormal 1.65 1.51 1.81
TCE to DCE 1st Order Biodegradation 3.3 Uniform - 0 8.40
Simulation Time (yr) 31 Fixed - - -
Source Thickness (ft) 45 Uniform - 1 45
Source Width (ft) 200 Lognormal 200 171 235
Source Decay (1/yr) 0.228 Formula - - -
Source Concentration (mg/L) 1100 Fixed - - -

Ashumet Valley, MMR
Property Deterministic Value Distribution Type Likeliest/Mean Minimum Maximum
Seepage Velocity (ft/yr) 465 Lognormal 466 260 530
Dispersion - αx (ft) 10 Lognormal 10 10 500
Soil Bulk Density (kg/L) 1.68 Lognormal 1.65 1.51 1.81
PCE to DCE 1st Order Biodegradation 0.3 Uniform - 0 1.83
TCE to DCE 1st Order Biodegradation 1.67 Uniform - 0 8.40
DCE to VC 1st Order Biodegradation 0.29 Uniform - 0 47.45
Simulation Time (yr) 40 Fixed - - -
Source Thickness (ft) 150 Uniform - 1 150
Source Width (ft) 1500 Lognormal 1500 960 2200
Source Decay (1/yr) 0.2 Formula - - -
Source Concentration (mg/L) 150 Fixed - - -
Note: 
Zero values for biodegradation were represented as 1 X 10-6
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Table 6: Evaluation of Biodegradation Rates (1/yr) for Six Sites

Site Calibrated Rate (1/yr)
Warren AFB 1993 1999 2002

TCE 0.13 0.16 0.26 0.45
DCE 0.18 0.20 0.36 1.02

VC NA IS IS 0.66
CCAS 1996 1998 2001

TCE 0.09 0.11 0.07 7.00
DCE 0.04 0.05 0.07 0.25

VC 0.03 0.05 0.06 1.30
ETH 0.01 0.03 nda nda

Tinker AFB 1997 1999
TCE 0.23 0.23 0.64
DCE 0.22 0.22 3.19

Shaw AFB 1997
PCE 3.44 NA
TCE 2.65 NA
DCE 1.21 NA

VC 0.41 NA
TCA 2.80 3.30
DCA 0.29 1.85

Wurtsmith AFB 1991 2001
TCE 1.51 0.15 3.30
DCE nda 0.2 nda

Ashumet MMR 1998 1999 2003
PCE IS 0.02 IS 0.27
TCE IS IS IS 0.98
DCE 0.04 IS IS 0.18

Values are presented in 1/yr
nda - not enough data to analyze

IS - increasing slope
NA - not analyzed
B & A - Buscheck and Alcantar (1995)

B&A  Calculated Rate (1/yr)
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Table 7: Deterministic and Stochastic Evaluation of Source Decay Rates and Remediation Times for Six Sites

Initial Remediation BIOCHLOR Remediation Deterministic BIOCHLOR Stochastic BIOCHLOR 
Site Location Concentration (mg/L) Time (yrs)a Calibrated Rate (1/yr) Time (yrs) a  Remediation Time (yrs)  Remediation Time (yrs) b

Warren AFB
HP-18/207

TCE 0.127 0.113 58 0.28 44 44 32 - 39
DCE 0.116 0.093 35

CCAS S09 S01 S09
TCE 0.572 0.320 39.400 54 0.09 141 440 >142
DCE 0.358 0.028 4.383 50

VC 0.363 IS 0.240
Tinker AFB 2-62B

TCE 0.044 8.300 200 0.14 84 91 150-300
DCE 0.141 1.736

VC IS
Shaw AFB MW-115

1,1-DCE 0.700 0.368 58
VC 0.771 0.056 62

TCA 3.125 2.030 56 0.07 148 106 0 - 12
DCA 0.986 8.700 58

Wurtsmith AFB H127S
TCE 0.019 0.910 301 0.23 54 54 bMCL
DCE 0.028 0.243 80

Ashumet MMR 30MW0426B
PCE 0.003 0.022 534 0.22 47 48 0 - 38
TCE 0.00007
DCE 0.00015

Notes:
a Calculated Remediation Time from formula: t = -Ln(Cgoal/Cstart) / kpoint 
b Stochastic remediation times are based on the 25th and 75th percentiles from Figures 6.4a through f
IS           Increasing slope
All remediation times are projected from the time of source emplacement
bMCl   Indicates the remediaiton goal has been achieved
Remediation Goal = MCL

Source Area Wells (1/yr)
Calculated Point Attenuation in 
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Figure 1a: Base Case - No Biodegradation and No Source Decay 
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Figure 1b: Velocity Effect on PCE Concentration
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Figure 1c: Retardation Effects on PCE Concentration 
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Figure 2a: Effect of Longitudinal Dispersivity
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Figure 2b: Effect of Transverse Dispersivity/Longitudinal Dispersivity Ratio
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Figure 2c: Effect of Vertical Dispersivity/Longitudinal Dispersivity Ratio
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Figue 3a: Source Width Effects
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Figure 3b: Source Depth Effects
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Figure 3c: Source Concentration Effects
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Figure 4a: Concentration Profiles for Different Simulation Times
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Figure 4b: Biodegradation Effects
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Figure 4c: Biodegradation of PCE to TCE for 3.65 1/yr
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Figure4d: Source Decay Effects
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Figure 5: Effect of Biodegradation at a Constant Source Decay of 0.03 1/yr 
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No Biodegradation - 10 years - 2,500 trials
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Figure 6a: Deterministic and Stochastic Concentrations Under Non-Biodegrading Conditions  
Synthetic Case Study
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TCE Distributions - 10 years - 2,500 trials
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Figure 6b: Deterministic and Stochastic TCE Concentrations with Biodegradation  
Synthetic Case Study
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DCE Distributions - 10 years - 2,500 trials
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Figure 6c: Deterministic and Stochastic DCE Concentrations with Biodegradation 
Synthetic Case Study
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VC Distributions - 10 years - 2,500 trials
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Figure 6d: Deterministic and Stochastic VC Concentrations with Biodegradation  
Synthetic Case Study
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ETH Distribution - 10 years - 2,500 trials
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Figure 6e: Deterministic and Stochastic ETH Concentrations with Biodegradation 
Synthetic Case Study
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Figure 7a: Sensitivity Analyses of Individual Parameters at the Source (0 ft)
Synthetic Case Study
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Figure 7b: Sensitivity Analyses of Individual Parameters 300 ft from the Source
Synthetic Case Study
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Figure 8a : Lithology-based Distributions at the Source - Synthetic Case Study
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Figure 8b : Lithology-based Distributions at 300 ft - Synthetic Case Study
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Figure 9a: 1996 Plume Centerline Concentrations - CCAS

Data from wells S01, S03, S09,
S12, and S15 are used
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Figure 9b: 1998 Plume Centerline Concentrations - CCAS

Data from wells S01, S03, 
S09, S12, and S15 are used
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Figure 9c: 2001 Plume Centerline Concentrations - CCAS

Data from wells S01, S03, 
S09, S12, and S15 are 
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Figure 10a: Source Decay Rates in well S09 - CCAS
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Figure 10b: Source Decay Rates in well S01 - CCAS
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Figure 11: TCE Deterministic and Stochastic Modeled Concentrations in 1996 - CCAS

TCE MCL = 0.005 mg/L
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Figure 12a: DCE Deterministic and Stochastic Modeled Concentrations in 1996 - CCAS

DCE MCL = 0.07 mg/L

E-79



1.E-24

1.E-22

1.E-20

1.E-18

1.E-16

1.E-14

1.E-12

1.E-10

1.E-08

1.E-06

1.E-04

1.E-02

1.E+00

1.E+02

1.E+04

0 500 1000 1500 2000 2500 3000
Distance From Source (ft)

VC
 C

on
ce

nt
ra

tio
n 

(m
g/

L)

Deterministic Maximum 75th percentile Median 25th percentile Minimum

Figure 12b: VC Deterministic and Stochastic Modeled Concentrations in 1996 - CCAS

VC MCL = 0.002 mg/L
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Figure 13a: BIOCHLOR Deterministic and Stochastic Model TCE Predictions at the Source Over Time - CCAS

TCE MCL = 0.005 mg/L
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Figure 13b: BIOCHLOR Deterministic and Stochastic Model TCE Predictions at 300 ft Downgradient of the Source Over Time - CCAS

TCE MCL = 0.005 mg/L
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Figure 14: 1997 Centerline Concentrations - Shaw AFB

Data from wells MPC, 
MW-5, TMP-2, TMP-3
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Figure 15a: Source Decay Rates in well MW-115 - Shaw AFB

Source emplacement in 1941 
= 950 mg/L TCA
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Figure 15b: Source Decay Rates in well MW-117 - Shaw AFB
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Figure 16a: TCA Deterministic and Stocahstic Modeled Concentrations in 1997 - Shaw AFB Note: Minimum values <= E-253
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Figure 16b: DCA Deterministic and Stochastic Modeled Concentrations in 1997 - Shaw AFB Note: Minimum values <= E-249
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Figure 17a: BIOCHLOR Deterministic and Stochastic Model TCA Predictions at the Source Over Time - Shaw AFB

TCA MCL = 1.0 mg/L
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Figure 17b: BIOCHLOR Deterministic and Stochastic Model TCA Predictions at 320 ft from the Source Over Time - Shaw AFB

TCA MCL = 1.0 mg/L
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Figure 18: 1997 Centerline Concentrations - Tinker AFB

Data from wells 2-62B, 
CG39B97-43S, 2-355B 
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Figure 19: 1999 Centerline Concentrations - Tinker AFB

Data from wells 2-62B, 
CG39B97-43S, 2-355B 
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Figure 20: Source Decay Rates in well 2-62B - Tinker AFB

TCE Source Emplacement of 1,100 mg/L in 1962
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Figure 21: TCE Deterministic and Stochastic Modeled Concentrations in 1997 - Tinker AFB

TCE MCL = 0.005 mg/L
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Figure 22: DCE Deterministic and Stochastic Modeled Concentrations in 1997 - Tinker AFB

DCE MCL = 0.07 mg/L

E-94



100 years

85 years
80 years

50 years

70 years

1.E-35

1.E-32

1.E-29

1.E-26

1.E-23

1.E-20

1.E-17

1.E-14

1.E-11

1.E-08

1.E-05

1.E-02

1.E+01

1.E+04

1962 1972 1982 1992 2002 2012 2021 2031 2041 2051 2061 2071

Date

C
on

ce
nt

ra
tio

n 
(m

g/
L)

Figure 23: BIOCHLOR Deterministic and Stochastic Model TCE Predictions at the Source Over Time - Tinker AFB

TCE MCL = 0.005 mg/L
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Figure 24a: Plume Centerline Concentrations Over Time - Warren AFB

Data from wells HP-18, 199, 
207, 209, 210, and 211 are used
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Figure 24b: TCE Concentrations in Wells Over Time - Warren AFB
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Figure 24c: Deep Zone Concentration Changes Over Time - Warren AFB
Note: Values for 199D, 209D, 210D are < = detection limit
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Figure 25a: TCE Deterministic and Stochastic Modeled Concentrations in 1993 - Warren AFB

TCE MCL = 0.005 mg/L
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Figure 25b: DCE Deterministic and Stochastic Modeled Concentrations in 1993 - Warren AFB

DCE MCL = 0.07 mg/L
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Figure 25c: VC Deterministic and Stochastic Modeled Concentrations in 1993 - Warren AFB

VC MCL = 0.002 mg/L
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Figure 26: BIOCHLOR Deterministic and Stochastic Model TCE Predictions at the Source Over Time - Warren AFB

TCE MCL = 0.005 mg/L
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Figure 27: BIOCHLOR Deterministic and Stochastic Model TCE Predictions 1,000 ft Downgradient of the Source Over Time - Warren AFB

TCE MCL = 0.005 mg/L
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Figure 28a: 1998 Plume Centerline Concentrations - Ashumet, MMR

Data from wells 30MW0426B,  
95MW0109B, and USFW350064 are used
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Figure 28b: 1999 Plume Centerline Concentrations - Ashumet, MMR

Data from wells 30MW0426B,  30MW0428B,
 30MW0585B, and USFW350064 are used
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Figure 28c: 2003 Plume Centerline Concentrations - Ashumet, MMR

Data from wells 30MW0426B,  30MW0428B, 95MW0109B, 
 30MW0585B, and USFW350064 are used
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Figure 28d: Source Decay Rate in well 30MW0426B - Ashumet, MMR
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Figure 29a: PCE Deterministic and Stochastic Modeled Concentrations in 1998 - Ashumet Valley, MMR
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Figure 29b: TCE Deterministic and Stochastic Modeled Concentrations in 1998 - Ashumet Valley, MMR
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Figure 29c: DCE Deterministic and Stochastic Modeled Concentrations in 1998 - Ashumet Valley, MMR

E-110



41 yrs
45 yrs

55 yrs

48 yrs40 yrs

1E-25

1E-23

1E-21

1E-19

1E-17

1E-15

1E-13

1E-11

1E-09

1E-07

1E-05

0.001

0.1

10

1000

1957 1967 1977 1987 1997 2007 2017

Date

C
on

ce
nt

ra
tio

n 
(m

g/
L)

Figure 30a: BIOCHLOR Deterministic and Stochastic Model PCE Predictions at the Source Over Time - Ashumet Valley, MMR

PCE MCL = 0.005 mg/L
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Figure 31a: 1991 Plume Centerline Concentrations - Wurtsmith AFB

Data from wells H127s and 
H75S are used
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Figure 31b: 2001 Plume Centerline Concentrations - Wurtsmith AFB

Data from wells 
H127s, LF30-MW5, 
and H75S are used
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Figure 32: Source Decay Rate in well H127S - Wurtsmith AFB

Source emplacement in 
1960 = 1,100 mg/L TCE
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Figure 33a: TCE Deterministic and Stochastic Modeled Concentrations in 1991 - Wurtsmith AFB
Minimum values <= E-113
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Figure 33b: DCE Deterministic and Stochastic Modeled Concentrations in 1991 - Wurtsmith AFB
Minimum values <= E-107
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Figure 34a: BIOCHLOR Deterministic and Stochastic Model TCE Predictions at the Source Over Time - Wurtsmith AFB

TCE MCL = 0.005 mg/LAssumed Source 
Emplacement in
1960 - 1,100 mg/L
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Figure 34b: BIOCHLOR Deterministic and Stochastic Model TCE Predictions at 1,500 ft from the Source Over Time - Wurtsmith AFB

TCE MCL = 0.005 mg/L
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